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ABSTRACT 


Special  problems  inherent  in  the  measurement  of 
refractive  index  in  cloudy  regions  are  considered  and 
reasons  for  refractive  index  change  in  and  near  clouds 
are  discussed  Various  theories  of  cumulus  convection 
are  reviewed  for  later  reference. 

Measurement  methods,  data  gathering  procedures, 
and  analysis  aims  and  techniques  are  described.  Data 
analyzed  to  date  are  presented  and  the  tentative  con¬ 
clusion  is  drawn  that  with  judicious  use  of  radiosonde 
data  a  good  estimate  can  be  made  of  the  refractive  index 
changes  in  and  around  clouds.  The  complex  character  of 
these  refractive  index  changes  is  tentatively  explained. 


CLOUD  RSFRACTIVE  INDEX  STUDIES 


1 .  Introduction 


Certain  radio  and  radar  systems  are  affected  by  the  inhomogeneities 
in  atmospheric  refractive  index  that  occur  in  and  around  clouds  (primarily 
cumuliform).  For  purposes  of  better  system  design  and  predictability  of 
system  operation,  it  is  important  to  know  the  refractive  characteristics 
of  clouds  and  to  understand  hew  these  characteristics  change  with  the  me¬ 
teorological  factors  that  govern  cloud  birth,  growth  and  decay.  This  re¬ 
port  describes  work  directed  toward  this  end. 

During  the  summer  of  1955,  members  of  the  Aircraft  Weather  Unit, 
Geophysics  Research  Directorate  (GRD)  utilized  a  B -29  aircraft  to  make 
measurements  of  refractive  index  and  cloud  physics  parameters  in  cloudy 
regions  over  various  geographical  locations  in  the  Unit'd  States.  Flight 
was  made  through  cumuliform  clouds  at  a  number  of  altit  des  under  various 
weather  conditions.  A  University  of  Texas-model  refrac .ometer  was  used 
to  measure  refractive  index;  cloud  physics  parameters  were  measured  with 
the  instruments  shown  in  Fig.  1. 

A  portion  of  the  data  for  the  summer  flights  has  been  analyzed. 

Gross  features  of  tropospheric  refractive  index  have  been  determined  from 
radiosonde  data  for  each  of  the  flight  days;  and  the  theoretical  refrac¬ 
tive  differences  between  clouds  and  surrounding  clear  air  find  between  sub¬ 
cloud  and  surroundings  have  been  confuted.  Records  of  flight  measurements 
through  clouds  have  been  analyzed;  and  cross  sections  showing  traces  of  re¬ 
fractive  index,  temperature,  virtual  temperature,  vapor  pressure,  satura¬ 
tion  vapor  pressure  and  liquid  water  content  have  been  constructed.  Micro  ■ 
refractive  characteristics  of  clouds  have  been  studied  and  the  theoretical 
and  observed  properties  of  cloudy  regions  compared. 

2.  Background 

2,1  Refractive  Index  of  Clear  and  Cloudy  Regions 

The  refractive  index  of  clear  air  at  microwave  frequencies  can 
be  measured  directly  by  means  of  a  refractometer  or  can  be  computed  using 
the  empirical  equation, 


Na  =  (n-l)  x  106  =  liiJi  (P  -  e/7  +  (l) 

where:  n  =  refractive  index 

Na  =  modified  refractive  index  for  air  without  liquid  water 
P  =  total  pressure  in  millibars 
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e  =  pressure  of  aqueous  vapor 
T  =  temperature  in  degrees  Kelvin. 

The  refractive  index  of  the  conglomerate  comprised  of  air  con¬ 
taining  cloud  and  or  precipitation  particles  cannot  he  measured  directly 
with  present  equipment.,  There  are  two  major  reasons  for  this;  one  is 
that  air  cannot  flow  freely  through  the  sensing  head  of  the  refractometer 
(a  microwave  resonant  cavity)  and  thus  a  true  cloud  or  particle  sample 
cannot  he  obtained.  The  second  is  that  the  refractometer  is  calibrated 
under  the  assumption  that  an  isotropic,  homogeneous  medium  exists  within 
the  cavity.  The  presence  of  water  particles  and  or  condensed  liquid  vs1 
on  the  walls  cannot  be  taken  into  account. 

n, 

According  to  Enenstein,'  the  contribution  to  refractive  index  due 
to  water  d’-oprets  can  be  computed  under  the  assumption  that  water  mass  has 
infinite  electrical  conductivity  and  contributes  to  the  total  refractive 
index  as  would  metal.  His  equation  for  air  containing  droplets  is. 


N  =  12  (p  -  £  +  +  1.5  x  it  a3  (°  S)*  (2) 

WD  t  '  7  T  3 

=  79/T  Tp  -  e/7  +  +  1.5  (LWC)J 


where: 

a 

S 

LWC 


modified  refractive  index  of  air  with  water  drops 

average  radii  of  drops  in  meters 
density  of  water  in  gm/m^ 
number  of  drops  per  m^ 
liquid  water  content  in  gm/r. 


From  this  equation  it  can  be  shown  that  the  refractive  contribu¬ 
tion  for  all  normally  observed  clouds  and  rain  is  small  (about  0.6N  units 
maximum  for  cloud  (2  gm/m^  LWC)  and  0-5N  units  maximum  for  rain  (100  mm/hr)). 


To  date,  Enenstein 's  equation  remains  unverified..  Considerable 
controversy  exists  regarding  the  reality  of  his  assumptions.  This  con¬ 
troversy  will  probably  not  be  resolved  until  measurements  of  propagation 
velocity  through  cloud  and  rain  are  made  in  conjunction  with  measurements 
of  cloud  physics  parameters. 


No  method  exists  to  allow  computation  of  the  refractive  contribu¬ 
tion  of  suspended  ice  particles .  These  particles  undoubtedly  contribute 
less  per  unit  mass  than  do  water  droplets,  since  the  dielectric  constant 
of  ice  is  less  than  that  of  water.  Knowledge  of  their  exact  contribution 


*  The  constants  used  here  by  Enenstein  differ  from  those  1 sed  by  us . 
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also  awaits  experiment. 


Fortunately  for  the  purposes  of  the  present  study,  the  contribu¬ 
tion  of  solid  and  liquid  water  mass  to  the  total  refractive  index  seems 
negligible.  Errors  introduced  appear  to  be  of  the  same  order  or  less  than 
other  errors  of  measurement  or  calculation. 

The  very  considerable  measurement  error  that  could  occur,  if 
water  mass  were  permitted  to  enter  the  sensing  cavity  of  the  refractom- 
eter  instrument,  was  avoided  in  this  study.  As  installed  in  the  B-29 
aircraft,  the  cavity  was  mounted  in  a  reverse  flow  duct.  The  air  intake 
for  the  duct  was  a  tube  which  extended  some  eighteen  inches  into  the  air- 
stream  and  curved  backward  (see  Fig.  l).  The  tube  end  was  flanged;  the 
opening  faced  downstream.  Air  drawn  through  the  tube  contained  no  liquid 
or  solid  particles,  since  the  free  stream  momentum  of  the  particles  ef¬ 
fectively  prohibited  their  entry. 

2.2  Refractive  Index  Changes 

With  proper  recording  equipment  it  is  a  single  matter  to  measure 
microscale  fluctuations  in  refractive  index.  For  our  purposes,  neither 
the  resonant  cavity  nor  the  electronic  circuitry  of  the  refractometer  im 
poses  restrictive  response  times..  Measurement  lags  are  due  solely  to  re' 
corder  design  and  the  rate  at  which  the  sensing  cavity  is  flushed.  It  is 
fortunate  that  the  refractometer  instrument  exists;  for  it  would  be  unsat¬ 
isfactory  at  present  to  attempt  to  determine  rapid  refractive  index  changes 
from  separate  measurements  of  the  independent  atmospheric  parameters,  the 
chief  difficulty  being  that  humidity  cannot  be  measured  rapidly  and  accu¬ 
rately.  The  refractometer  also  obviates  the  computational  inconvenience 
of  working  through  the  refractive  index  equation. 

The  University  of  Texas  refractometer  used  by  us  is  primarily  a 
relative  indicator.  It  measures  refractive  differences  with  an  accuracy 
of  about  ±  1  N  unit.  With  some  difficulty,  it  can  be  calibrated  to  give 
absolute  index  values  to  about  ±  5  K  units.  This  error  can  be  reduced 
by  taking  into  account  temperature  and  pressure  effects  on  the  cavities 

By  making  simultaneous  measurements  of  refractive  index,  temper¬ 
ature  and  pressure;  humidity  can  be  computed.  In  this  way  all  independent 
atmospheric  parameters  contributing  to  refractive  index  can  be  isolated. 

The  humidity  computation  is  greatly  simplified  for  measurements  made  at  a 
constant  pressure,  as  most  of  ours  were. 

Differences  in  refractive  index  measured  from  an  aircraft  result 
principally  from  spatial  variations  in  one  or  more  of  the  independent  at¬ 
mospheric  parameters.  By  differentiating  the  refractive  index  equation 
(Eq.  l)  and  writing  a  corresponding  difference  equation,  we  can  see  how 
such  differences  arise. 
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where  the  bar  signifies  an  average  value.  (The  second  order  term,  -  74.4c 
in  Eq.  (l)  was  ignored.)  7T 

In  a  typical  aircraft  pass  through  clouds,  values  of  the  quanti¬ 
ties  in  Eq.  (4)  might  be:  T  =  278aK,  A  T  =  +2°,  e  =  6.5  mb,  A  e  =  +4.4  mb 
(a  relative  humidity  change  of  50  per  cent),  P  =  700  mb,  A  P  =  +5  mb  (an 
altitude  change  of  100  feet).  Thus  the  terms  contributing  to  h  NA  in 
Eq.  (4)  would  have  the  values, 

Ana  =  21.2  -  1.8  +  C.8  =  20.2. 

It  can  be  seen  that  the  first  term  on  the  right  hand  side  of 
Eq,  (4)  is  by  far  the  largest.  Under  all  but  extremely  cold  conditions 
this  humidity  term  will  always  predominate .  (The  fact  that  A  e  and  e  in 
Eq.  (4)  are  of  the  same  order  doesn't  influence  this  statement,  since  the 
term  containing  e  is  small.) 

Since  variability  in  the  water  vapor  content  of  the  air  is  the 
primary  cause  of  refractive  inhomogeneities ,  those  regions  in  the  atmos¬ 
phere  In  and  around  clouds  are  quite  naturally  suspected  as  being  regions 
of  considerable  refractive  index  change.  Early  refrac tometer  flights  by 
Crain  and  Deam, '  of  the  University  of  Texas,  indicated  this  to  be  true; 
more  recent  flights  by  Rogers  and  Chapman,  Electronics  Research  Director¬ 
ate,  Air  Force  Cambridge  Research  Center,  add  further  substantiation. 

2.5  Mechanisms  of  Cumulus  Convection 

It  is  important  to  understand  the  dynamics  of  cumulus  clouds  to 
be  able  to  interpret  measured  refractive  index  changes.  An  understand¬ 
ing  of  the  reasons  for  these  changes  will  allow  a  logical  prediction  from 
the  more  common,  nonaircraft  data.- 

Problems  relating  to  cumulus  cloud  dynamics  have  been  treated  in 
various  ways  since  the  dawn  of  meteorological  science.  For  many  years  the 
cumulus  cloud  was  considered  the  saturated  (and  thus  vi-ible)  upper  portion 
of  a  vertical  air  current  having  its  base  at  the  ground.  The  temperature 
lapse  rate  below  the  cloud  was  assumed  to  be  dry  adiabatic,  that  in  the 
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r loud  moist  adiabatic.  The  temperatures  in  the  cloud  for  some  distance 
above  the  base  were,  therefore,  believed  to  be  considerably  higher  than 
the  surrounding  temperatures,  thus  giving  the  cloud  great  buoyancy.  These 
ideas,  in  essence  the  "parcel  method,"  have  been  used  for  a  long  time  to 
explain  and  help  predict  (with  some  success)  the  development  of  cumulus  . 
clouds  and  thunderstorms.  A  later  development,  i.he  slice  method,  Bjerknes11' 
and  Petterssen,  included  the  effect  of  the  desc  'riding  environment  on  the 
temperature  contrast  between  cloud  and  dry  air.  ir.is  development  did  not 
improve  the  prediction  of  cumulus  cloud  formation.  It  appears  (Ludlam  and 
Scorer11)  that  the  compensating  downflow  of  air  does  not  necessarily  occur 
in  the  immediate  vicinity  of  the  cloud. 

Observation  and  theoretical  calculations  concerning  trade  wind  cu¬ 
mulus  made  by  personnel  of  the  Woods  Hole  Oceanographic  Institution,  first 
by  Stommel ar.d  then  later  by  Malkus,  *-6  emphasize  the  strong  effects  of 
mixing  wich  the  environment.  Austin-*-  and  Austi  .  and  Fleisher^  worked  out 
a  theoretical  circulation  model  for  the  cumulut.  cloud,  assuming  a  steady 
upward  flow  (jet)  and  mixing  (entrainment)  of  v-y  air  from  the  sides. 
Houghton  and  Cramer, 9  at  Massachusetts  Institu  ;  of  Technology,  and  Bun¬ 
ker,  ■*  of  Woodc.  Hole,  later  worked  out  the  theoretical  details  of  entrain¬ 
ment  in  the  jet  model. - 

Careful  study  of  time  lapse  pictures  of  cumulus  clouds  led  Scorer 
and  Ludlam23  to  the  development  of  a  bubble  theory  of  convection  which  em¬ 
phasized  the  intermittent  nature  of  convection,  mixing  only  occurring  in 
the  wake  of  the  bubbles.  Further  field,  laboratory,  and  theoretical  work 
done  jointly  by  Malkus  and  Scorer-*-"?  and  Scorer^*1  indicates  that  a  combina¬ 
tion  of  the  bubble  and  mixing  theories  best  describes  the  cumulus  cloud 
dynamics  and  distribution  of  physical  properties.  There  probably  is  no 
single  theory  of  cumulus  convection.  Several  processes  and  types  of  cir¬ 
culation  predominate  for  various  sizes  of  cumuli.  The  smallest-sized  cu¬ 
mulus  is  close  to  being  the  visible  upper  portion  of  a  random  turbulent 
eddy  or  small  rising  bubble.  The  medium-sized  cumuli  may  be  the  visible 
evidence  of  a  series  of  bubbles  and  wake  air  which  rise  into  undisturbed 
air,  mix,  gain  momentum  and  lean  down-shear  (usually  the  same  direction 
as  downwind)  and  evaporate.  A  more  vigorous  family  of  bubbles  may  result 
in  a  larger  overall  cloud  mass  with  individual  bubbles  rising  well  into 
the  upper  undisturbed  air  and  disappearing  down-shear,  while  the  main  mass 
develops  a  more  steady  inflow  into  the  base  (as  reported  by  glider  pilots). 
At  this  stage  the  intermittent  bubbles  may  have  their  source  in  the  middle 
of  the  cloud,  as  envisioned  by  Malkus  and  Scorer.1"?  In  the  final  or  thun¬ 
derstorm  stage,  a  quasi-steady  circulation  has  developed  which  is  associ¬ 
ated  with  the  entire  thundercloud  mass.  This  circulation  varies  with  the 
age  of  the  thunderstorm,  as  described  by  Byers  and  Braham.® 

The  medium-sized  cumulus  cloud  is  of  greatest  interest  in  this 
present  study,  ThiB  cloud  penetrates  the  upper,  usually  drier,  air  mass; 
yet  is  small  compared  to  the  volume  of  upper  dry  air  so  that  it  does  not 
appreciably  moisten  it  or  affect  the  general  air  motion.  The  largest  ar.d 
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sharpest  refractive  index  changes  are  to  be  expected  in  this  case.  As  men¬ 
tioned,  the  type  of  circulation  applying  to  the  medium-sized  cloud  is  best 
described  by  a  modification  of  the  bubble  theory.  A  comp  isite  bubble  scheme 
is  portrayed  in  Fig.  2  and  is  discussed  below.  The  scheme  seems  applicable 
to  our  summer's  data.  Some  extra  touches  have  also  been  added  to  Fig.  2, 
as  suggested  by  this  data. 

Briefly,  the  bubble  theory  says  that  disorganized  small-warm-vol¬ 
umes  will  coagulate  into  larger  bubbles  between  ground  and  bubble  forming 
level.  Bubbles  rise  and  grow  by  collecting  smaller  bubbles,  but  they  also 
lose  some  of  their  substance  along  their  upper  skin  and  along  the  wake,  a 
region  of  mixing  with  the  surrounding  air.  One  of  the  larger  bubbles  is 
shown  in  Fig.  2.  The  wake  (indicated  by  the  "springs")  is  rising  relative 
to  the  ground  below  the  convective  condensation  level,  but  it  rises  more 
slowly  than  the  bubble  head.  Above  the  condensation  level  the  wake  and 
the  skin  of  the  cloud  may  fall  relative  to  the  ground  and  to  ine  bubble 
head,  because  of  the  cooling  effect  of  the  evaporating  cloud.  The  cloud 
base  first  appears  at  ( 3),  the  convective  condensation  level  (a  level  whose 
altitude  is  governed  primarily  by  the  ground  moisture  content);  later  at 
(5)  and  (6)  the  base  rises  because  it  becomes  part  of  the  wake  region  (a 
region  containing  a  mixture  of  air  frcm  the  surface  and  intervening  alti¬ 
tudes).  When  there  is  an  inversion  with  wind  shear  our  observations  indi¬ 
cate  a  blocking  effect  of  the  cumulus  bubble,  so  that  some  of  the  dry  air 
above  the  inversion  is  dynamically  forced  downward  around  the  edge  of  tne 
clouds.  This  forced  current  is  presumably  assisted  by  downward-moving, 
evaporating,  cloud  air  at  the  cloud  edge,  particularly  in  the  older  stage 
of  the  cloud.  However,  when  the  cloud  or  bubble  first  penetrates  the  in¬ 
version,  all  parts  may  be  moving  upward  relative  to  the  inversion  and  the 
ground. 


Figure  2  is  illustrative  of  a  "one"  bubble  cloud.  As  stated,  a 
family  or  series  of  bubbles  is  usually  involved.  If  the  cumulus  builds  to 
medium  size,  a  modification  of  the  bubble  scheme  is  necessary.  The  cloud 
then  appears  to  attract  a  steady  stream  of  bubbles  with  the  result  that  a 
quasi-steady  current  rises  into  the  base  area.  However,  bubbles  still  ap¬ 
pear  to  be  the  principal  elements  of  the  circulation,  breaking  the  upper 
portion  of  the  cloud  (space  and  timewise)  into  a  series  of  puffs.  Mixing 
with  the  environment  occurs  above  the  base  along  the  skin  of  the  individ¬ 
ual  bubble  or  puff  (perhaps  indicated  in  sane  cases  by  what  we  later  call 
the  transition  zone  (x^.)  of  our  cloud  passes)  and  also  between  bubbles 
where  large  volumes  of  outside  air  are  trapped  inside  the  cloud  to  eventu¬ 
ally  mix  with  it  (indicated  in  our  data  by  marked  dry  spots  in  the  cloud 
interior).  The  clouds  of  interest  in  this  study  have  diameters  several 
times  those  of  the  individual  bubbles;  the  center  of  the  cloud  is,  there¬ 
fore,  protected  to  a  large  degree  from  the  desiccating  and  cooling  effect 
of  mixing  with  the  environment.  The  simplest  type  of  medium-sized  cumulus, 
where  the  wind  shear  is  small,  thus  theoretically  exhibits  a  cool  turbulent 
exterior  and  a  relatively  warm  interior. 
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The  cloud  refractive  index  work  of  this  Unit  has  been  directed  toward 
measuring  the  refractive  changes  in  cloudy  regions  and  assessing  the  rea¬ 
sons  for  such  changes.  Refractive  index,  temperature,  pressure,  humidity, 
and  cloud  liquid  water  content  measurements,  and  visual  and  photographic 
observations  were  obtained.  A  B-29  aircraft,  which  had  previously  been 
instrumented  for  cloud  physics  research,  was  utilized.  To  outfit  it  for 
refractive  index  studies,  a  refractometer,  a  rapid  response  vortex  ther¬ 
mometer,  and  a  four-channel  Sanborn  recorder  were  added.  An  Australian 
type  liquid  water  content  (LWC)  meter  was  also  converted  to  record  on  the 
Sanborn.  With  this  new  instrumentation,  refractive  index  could  be  measured 
to  a  relative  accuracy  of  1  N  unit,  temperature  to  a  relative  accuracy  of 
•  2°C,  and  liquid  water  content  to  within  25  per  cent  of  actual.  Response 
times  were  about  .01  sec  (approximately  3  feet  in  space  at  B-29  speeds) 
for  the  refractometer  and  vortex  thermometer  and  .5  sec  for  the  LWC  meter.. 
(Shortly  after  the  end  of  the  data  period  of  this  report  the  response  time 
of  the  latter  instrument  was  improved  to  . 1  sec . ) 

3.1  Instruments 

As  mentioned,  the  sensing  cavity  of  the  refractometer  was  located 
in  a  reverse  flow  duct.  Outside  air  was  sucked  through  the  duct,  prevent¬ 
ing  particles  from  entering. 

Refractive  index  values  measured  in  such  a  duct  do  differ  some¬ 
what  from  free  stream  values.  This  is  the  result  of  aerodynamic  effects 
about  the  duct  intake  tube  and  within  the  duct  and  cavity.  A  correction 
can  be  made,  providing  that  temperature  and  pressure  are  known  both  with¬ 
in  the  cavity  and  in  the  free  air.  In  our  B-29  installation,  provision 
was  made  to  measure  and  record  all  these  quantities.  Actually,  a  correc 
tion  is  required  only  if  absolute  index  values  are  desired.  In  the  initial 
phase  of  this  study  we  have  been  primarily  concerned  with  relative  changes 
under  conditions  where  pressure  was  constant.  An  alternate  technique  of 
obtaining  absolute  index  values  under  these  conditions  will  be  discussed 
presently. 

An  improved,  rapid-response,  vortex  thermometer  was  designed  for 
this  study.  The  temperature  sensing  element  was  a  1  mil  diameter  wire  two 
inches  long  which  was  wound,  in  an  open  helix,  around  two  small  insulated 
rods  supported  at  one  of  their  ends .  Element  resistance  was  nominally 
14  ohms  at  10°C;  the  characteristic  time  of  the  entire  measuring  circuit, 
which  consisted  of  element,  amplifier  and  recorder,  was  approximately 
.01  second. 

The  temperature  element  was  positioned  in  the  center  of  the  vor¬ 
tex  tube,  about  halfway  between  the  entrance  and  exhaust  ports.  Its  sup¬ 
port  wa6  located  downstream,  effectively  eliminating  any  air  flow  distor¬ 
tion,  heat  convection,  or  water  "stream-back"  errors.  Heat  conduction 
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between  element  and  support  was  negligible. 


The  principle  of  operation  of  the  vortex  thermometer  is  well  known 
and  will  not  be  discussed  here.  (See  Vonnegut.2°)  Suffice  it  to  say  that 
our  particular  instrument  was  a  tangential  flow  type  designed  according  to 
our  previous  experience  and  that  of  Cornell  University  (Packer1^).  Its 
unique  feature  was  the  method  of  mounting  the  element  facing  into  the  air- 
stream. 


Two  separate  instruments  were  used  to  measure  the  liquid  water 
content  in  clouds .  For  temperatures  above  freezing,  measurements  were 
made  with  an  Australian  LWC  meter;  under  supercooled  cloud  conditions,  a 
rotating-disk  icing-rate-meter  was  substituted. 

In  the  Australian  instrument  a  ribbon  of  paper  from  a  roll  passes 
across  a  slit  exposed  to  the  airstream.  Droplets  impinge  on  this  ribbon 
and  the  amount  of  wetting  is  determined  from  the  electrical  resistance  of 
the  paper.  Knowing  the  paper  calibration,  paper  speed,  slit  width  and  the 
true  aircraft  speed,  the  LWC  can  be  computed. 

The  rotating-disk  icing-rate-meter  consists  of  a  thin  metal  disk 
exposed  edgewise  into  the  airstream.  The  disk,  which  is  about  two  inches 
in  diameter,  rotates  slowly  and  supercooled  water  droplets  strike  and 
freeze  on  its  leading  edge.  A  1 uyer  of  ice  builds  up  and  is  rotated  under 
a  spring  loaded  feeler  arm.  The  ice  lifts  the  arm  above  its  normal  posi¬ 
tion,  the  amount  of  motion  being  translated  electrically  into  a  measure  of 
the  ice  thickness.  After  measurement,  the  ice  is  scraped  away.  A  contin¬ 
uous  indication  of  the  ice  deposited  in  each  single  revolution  of  the  disk 
is  obtained.  This  can  be  related  in  a  semiquantitative  fashion  to  LWC. 

Since  the  icing-rate-meter  was  not  recorded  on  the  rapid  response 
Sanborn  recorder,  LWC  resolution  was  appreciably  lessened  in  supercooled 
clouds . 


Various  other  parameters  were  also  measured.  However,  since  these 
measurements  primarily  provided  auxiliary  or  "check  type"  information,  they 
will  not  be  discussed  here.  Those  instruments  which  were  available  and 
which  were  usually  operated  during  flight  are  listed  in  Fig.  1.  Their  lo¬ 
cation  on  the  aircraft  is  al60  shown. 

3-2  Aircraft  Positions 

There  were  four  cloud  physics  positions  in  the  aircraft,  as  shown 
in  Fig.  1:  the  nose  observer,  position  2;  the  forward  instrument  operator, 
position  11;  the  refractometer  controller,  position  24;  and  the  waist  in¬ 
strument  operator,  position  44. 

The  nose  observer  planned  and  controlled  the  flight.  He  made 
visual  and  photographic  observations  of  the  weather  situation  and  operated 
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switches  which  marked  on  an  Esterline- -Angus,  20  pen  recorder  the  time  of 
entry  (exit)  into  cloud,  rain,  snow,  etc.  and  the  time  of  a  photograph  or 
other  event.  He  recorded  his  observations  verbally  (by  means  of  a  tape 
recorder)  or  ir>.  written  form. 

The  forward  instrument  operator  controlled  and  monitored  most,  of 
the  cloud  physics  instruments.  He  also  made  detailed  observations  (written 
and  tape  recorded)  to  note  the  presence  and  types  of  all  ice  crystals  and 
hydrameteors .  (These  observations  were  made  by  watching  the  ^articles  im¬ 
pinge  on  the  flat,  black-colored  face  of  a  "stick"  which  extended  out  into 
the  air stream.  White  scales  engraved  on  the  black  face  facilitated  size 
and  number  determinations.) 

The  refractcmeter  controller  operated  and  monitored  the  perform¬ 
ance  of  the  refractcmeter,  the  vortex  thermometer,  and  the  thermometer 
mounted  in  the  refractcmeter  duct.  Normally,  this  person  would  also  op¬ 
erate  the  Capillary  Collector  LWC  meter;  however,  during  these  flights  the 
instrument  was  inoperative. 

The  waist  instrument  operator  tended  most  of  the  recorders,  moni  • 
tored  the  power  frcr.  the  inverters,  and  operated  'he  tape  recorder.  Early 
during  each  flight,  he  also  set  up  and  activated  the  master  timing  equip¬ 
ment  which  provided  synchronism  for  all  flight  records. 

4.  Flight  Program 

The  program  objective  is  to  obtain  an  adequate,  three  dimensional  sam¬ 
pling  of  the  refractive  index  -meteorological  structure  of  regions  with  cu- 
muliform  clouds  so  that  the  general  limits  of  refractive  index  variability 
over  the  United  States  can  be  specified,  and  the  physical  reasons  for  var¬ 
iability  determined.  Once  the  reasons  are  established,  synoptic  forecasts 
of  future  refractive  conditions  became  feasible  and  a  variety  of  charts 
showing  the  geographical,  seasonal,  monthly,  occurrence  frequency,  etc. 
features  of  refractive  conditions  can  be  constructed  from  climatological 
data. 


To  date,  this  objective  has  not  been  attained.  Although  the  several 
flights  have  yielded  a  considerable  amount  of  excellent  data,  a  semicam-- 
plete  analysis  has  been  made  for  only  a  few  select  situations .  The  r  esult  • 
ing  information,  while  permitting  general  statements  concerning  the  struc  • 
ture  of  cloudy  regions,  prohibits  precise  specification  of  mechanisms. 
Certain  correlations  between  observation  and  meteorological  theory  are  ap¬ 
parent,  but  their  integrated  implications  are  as  yet  unclear 

The  program  has  been  hampered  by  the  usual  lack  of  trained  personnel, 
by  the  fact  that  the  B -29  type  aircraft  is  semiobsolete,  and  because  of 
the  practical  and  legal  limitations  regarding  mode  of  flight.  All  possible 
steps  have  been  taken  to  alleviate  the  first  two  difficulties;  the  latter 
one  is  basic.  It  has  limited  our  data  gathering  and  has  been  the  major 
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influencing  factor  in  our  selection  of  locales  for  study. 

To  obtain  a  complete  three  dimensional  picture  of  the  refractive  index 
conditions  over  an  area,  restrictions  to  manner  of  flying  are  intolerable. 
Clouds  and  surroundings  must  be  probed  at  various  altitudes  and  in  several 
directions.  It  may  also  be  desirable  to  penetrate  individual  clouds  sever¬ 
al  times.  In  practice,  the  only  safe  way  in  which  these  freedoms  can  be 
obtained  is  to  fly  in  an  off -airway  area  under  ground  radar  control.  Flight 
under  VFR  rules  is  unsatisfactory;  the  rules  prohibit  entry  into  cloud.  IFR 
rules  are  equally  bad  in  that  deviation"  from  flight  altitude  or  course  must 
be  CAA  approved.  (Securing  such  approval  is  time  consuming  and  frequently 
an  approvable  change  differs  appreciably  from  that  requested. )  Nonground- 
controlled  flight  in  off  airways  regions  is  risky  in  that  other  aircraft, 
obscured  by  clouds,  may  be  flying  a  collision  course.  Flight  in  off -airways 
areas  under  radar  control  is  the  only  really  acceptable  method.  Unfortu¬ 
nately,  establishing  such  a  setup  is  difficult.  During  the  period  reported 
herein,  we  utilized  a  ready-made  setup  in  Tucson,  Arizona,  but  could  not  get 
one  in  the  New  England  area  (subsequently  an  arrangement  has  been  worked 
out).  For  the  most  part,  in  the  interest  of  Job  accomplishment,  we  accepted 
the  calculated  risk  of  noncontrolled  flight  in  off -airways  areas. 

Refractive  index  data  were  gathered  on  nine  flights  during  the  period 
1  June  to  1  August  1955*  Five  flights  have  been  analyzed  to  the  extent  re¬ 
ported  herein.  Of  these,  four  were  flown  solely  for  project  purposes;  the 
other  was  a  flight  wherein  useful  data  were  obtained  while  the  aircraft  was 
in  transit.  The  time  and  location  of  each  flight  are  given  below.  The 
ones  analyzed  are  marked  with  an  asterisk. 


*22  June, 

0743-1047  MST 

Near  Pikes  Peak,  Colorado 

23  June, 

1447-1645  MST 

Vicinity  of  Denver 

*24  June, 

1130-1853  EDT 

Cross-country,  Denver-Boston 

*30  June, 

1347-1705  EDT 

NW  of  Boston 

1  July, 

1356-1746  EDT 

NW  of  Boston 

IT  July, 

1125-1417  MST 

Cross-country,  Boston-Tucson,  Arizona 

*19  July, 

1201-1541  MST 

NE  of  Tucson 

*31  July, 

1105-1928  MST 

NE  of  Tucson,  cross-country  Tucson-Los 
Angeles  and  off  coast  near  Los  Lngeles 

1  August, 

1035-2205  MST 

Cross-country,  San  Bernardino,  Califor- 
nia-Boston 

Tucson  was 

selected  as  a  base 

of  operations  because  the  Institute  of 

Atmospheric  Physics  at  the  University  of  Arizona  was  making  extensive  stud¬ 
ies  of  cumulus  clouds  and  the  University  of  Chicago,  under  Air  Force  (GRD) 
contract,  had  a  radar  ground  control  system  worked  out  for  a  cloud  physics 
aircraft.  An  additional  attraction  was  the  fact  that  cumulus  clouds  are 
very  prevalent  over  Arizona  during  July. 

5*  Analysis  Methods 

The  analysis  was  designed  to  extract  a  maximum  of  potentially  usable 
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information  from  the  flight  data.  Specific  analysis  objectives  were: 

a.  To  obtain  the  measured  gross  scale  refractive  index  characteris¬ 
tics  of  cloudy  regions  for  comparisons  with  these  same  characteristics  as 
determined  from  radiosonde  data. 

b.  To  ascertain  the  degree  of  refractive  inhomogeneity  in  these  re¬ 
gions  by  determining  the  intensity  and  extent  of  refractive  gradients  in 
clouds,  in  the  clear  surrounding  clouds,  and  at  cloud-air  boundaries, 

c.  To  establish  the  detailed  microrefractive  structure  of  individual 
clouds  under  various  synoptic  meteorological  situations  and  to  relate  this 
to  the  visual  and  meteorological  cloud  structure  anw  to  the  mechanisms  of 
cloud  formation,  growth,  and  decay. 

d.  To  provide  three  dimensional  information  regarding  the  cloud  cov¬ 
erage  conditions  of  the  lower  atmosphere  for  each  flight.  (From  this  the 
gross  refractive  index  distribution  can  be  assessed. ) 

5*1  Calculated  Refractive  Index  Cloud  to  Air  Differences  (Ng--Na) 

Compared  with  Measured  Values 

A  calculated  refractive  index  profile  representing  the  air  outside 
the  cloud  was  computed  for  each  of  the  regions  probed.  Data  were  taken 
from  the  nearest  radiosonde  stations  and  compared  with  the  measured  air  • 
craft  data.  The  principal  assumptions  made  in  utilizing  radiosonde  data 
for  this  purpose  were: 

a.  Air  through  which  the  radiosonde  ascended  was  characteristic, 
space  and  timewise,  of  the  air  probed  by  the  aircraft. 

b.  The  radiosonde  did  not  intersect  a  cloud. 

c.  The  lag  of  the  humidity  element  (a  serious  difficulty  in  com¬ 
puting  ducting  effects)  was  not  serious  enough  in  this  case  to  affect  the 
overall  result.  Lag  was,  in  fact,  beneficial  since  it  served  as  an  averag¬ 
ing  tool. 


A  second  refractive  index  profile  was  computed  to  represent  the 
air  inside  the  cloud  and  in  the  bubbles  or  thermals  below  the  cloud.  In 
order  to  do  this,  certain  additional  assumptions  were  made: 

d.  The  air  inside  the  cloud  was  at  the  same  temperature  as  the 
air  outside  (observations  showed  this  to  be  very  nearly  true). 

e.  The  air  was  saturated  (l.e.  at  100  per  cent  RH)  inside  the 

cloud , 

f.  The  air  below  the  cloud  in  the  bubbles  (thermals)  contained 
the  same  amount  of  water  vapor  as  the  air  at  cloud  base. 
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A  few  comments  on  some  of  these  assumptions  are  pertinent.  The 
density  of  radiosonde  stations  in  the  American  network  is  not  sufficient, 
spacewise  or  timewise,  to  show  the  frequent,  rapid  changes  in  moisture  dis 
tribution  which  actually  occur.  Most  of  the  differences  between  computed 
Ns-Na  and  measured  Nc-%  shown  in  our  data  are  probably  due  to  this  fact. 

The  amount  of  cloud  coverage  is  usually  small  when  large  Nc-Na 
values  exist.  The  probability  that  the  radiosonde  remains  in  clear  air  in 
its  ascent  is,  therefore,  good  for  the  conditions  of  greatest  interest  here. 

The  classic  representation  of  cumulus  cloud  air  temperature  would 
require  the  cloud  temperature  to  be  considerably  higher  than  the  surround¬ 
ing  air.  Measurements  from  aircraft  over  the  past  ten  years  by  others,  as 
well  as  ourselves,  have  shown  that  temperatures  inside  cumulus  clouds  are 
close  to  the  external  temperature.  Considerable  controversy  has  existed  on 
this  subject;  methods  for  measuring  cloud  temperature  were  severely  criti¬ 
cized  (and  correctly  so);  however,  recently  improved  instruments,  such  as 
the  vortex  thermometer,  plus  theoretical  work  on  mixing  (entrainment)  have 
indicated  the  reality  of  these  measurements.  Figures  23  and  1+9  from  our 
recent  data  indicate  that  if  an  average  cloud  temperature  is  required,  the 
outside  air  temperature  is  a  good  estimate.  It  is  surprising  to  note  that 
this  is  true  even  for  the  case  of  a  cloud  penetrating  an  inversion.  The 
mixing  process  between  cloud  and  outside  air  apparently  proceeds  more  rap¬ 
idly  than  previously  imagined. 

It  can  be  shown  that  the  humidity  in  clouds  must  be  nearly  100  per 
cent  when  the  cloud  is  composed  of  the  normal  small  drops.  The  evaporation 
rate  of  such  drops  is  so  great  that  they  do  not  exist  long  in  an  unsaturated 
atmosphere.  In  general,  our  observations  have  borne  out  these  statements. 
Small  portions  of  the  cloud  have  been  found  to  have  humidities  down  to  90 
per  cent  —  the  cloud  in  this  case  was  probably  composed  predominantly  of 
large-sized  cloud  drops  (approaching  drizzle  size)  which  were  evaporating. 

The  frequent  good  check  between  cloud  base  and  the  convective  con¬ 
densation  level  (as  computed  from  that  value  of  water  vapor  content  which 
characterizes  the  layer  near  the  ground)  implies  that  the  bubbles  or  the 
more  continuous  type  thermals  (in  larger  clouds)  rise  from  lower  levels 
without  mixing  appreciably  with  the  air  around  them,  at  least  in  that  re¬ 
gion  below  the  cloud. 

Two  calculated  refractive  index  profiles  (one  for  N  ,  one  for  Ng) 
were  plotted  for  each  region  for  a  time  corresponding  to  that  of  the  flight 
data.  Differences  between  these  two  profiles  provided  altitude  plots  of 
Ns-Na  and  N^-Nt  to  be  compared  with  similar  parameters  derived  from  meas¬ 
urements  of  the  aircraft  instruments. 

On  the  cross-country  flights,  comparisons  of  N  -Na  computed  and 
measured  are  made  at  only  one  altitude,  the  flight  altitude.  On  the  days 
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where  many  cloud  passes  were  made  at  numerous  altitudes,  a  scatter  diagram 
of  the  measured  Nc-N^  values  is  shown,  upon  which  the  computed  difference 
profile  is  drawn  for  comparison, 

5.2  The  Degree  of  Refractive  Inhomogeneity  In  and  Around  Cumulus  Clouds 

A  number  of  parameters  were  developed  to  describe,  in  numerical 
terms,  those  various  characteristics  of  the  fluctuations  in  refractive  in¬ 
dex  recorded  in  and  around  cumulus  clouds.  Selection  was  based  on  present 
or  possible  future  pertinence  to  the  problems  of  radio-radar  propagation. 
Their  development  permitted  construction  of  the  scatter  diagrams  shown  in 
Figs.  12-20,  38-46,  and  the  summary  diagrams  of  Figs.  21,  22,  24,  47,  48, 
and  50.  Although  the  parameters  must  be  subjectively  evaluated,  the  degree 
of  subjectivity  involved  in  analyzing  to  assign  numbers  is  not  sufficiently 
serious  to  negate  the  validity  of  the  diagrams  nor  the  conclusions. 

The  parameters  chosen  are  most  readily  explained  by  reference  to 
Fig.  3  and  the  Table  of  Symbols.  Reproductions  of  certain  original  records 
of  refractive  index  fluctuations  through  clouds  are  shown  in  Figs,  7,  9>  U, 

31,  33-37,  55,  59  and  63. 

5.3  Structure  of  Single  Clouds 

Continuous  traces  of  refractive  index,  temperature  and  liquid 
water  content  were  obtained  on  the  Sanborn  recorder  during  each  pass 
through  a  cumulus.  Pressure,  airspeed,  and  compass  heading  were  recorded 
by  an  aerograph.  Pictures  were  taken  to  record  cloud  appearance,  several 
being  taken  at  spaced  intervals  to  enable  triangulation  for  cloud  dimen¬ 
sions  . 


We  wished  to  obtain  a  comprehensive  picture  of  the  microrefractive 
and  micrometeorological  structure  of  single  clouds  and  to  relate  this  to 
the  cloud  appearance  and  to  various  mesoscale  synoptic  meteorological  fea  ■ 
tures  (such  as  wind  shear,  instability,  vertical  structure  of  surroundings, 
etc.).  To  do  this  we  could  not  utilize  the  records  in  their  original  form. 
For  one  thing,  the  Sanborn  record  was  taken  at  a  high  chart  speed  and  the 
amplitude  fluctuation  of  the  traces  was  only  a  small  fraction  of  the  length 
of  chart  which  pertained  to  a  single  cloud  pass.  For  another,  we  wished  to 
derive  other  useful  meteorological  parameters  from  the  measured  quantities 
and  plot  their  traces  along  with  the  other  traces.  We  wanted  all  traces 
for  an  individual  cloud  to  be  on  a  single  diagram  so  that  we  could  gain  in¬ 
telligence  by  observing  interrelationships  between  variables.  In  presenta¬ 
tion,  we  would  show  this  diagram  in  conjunction  with  a  dimensioned  cloud 
photograph . 

It  was  apparent  that  the  fluctuations  in  the  traces  on  the  Sanborn 
record  had  to  be  magnified.  Likewise,  it  was  obvious  that  the  task  of  re  • 
plotting  high  resolution  traces  was  enormous,  and  that  the  problem  of  com¬ 
puting  derived  quantities  and  plotting  their  traces  was  equally  great. 
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Machine  methods  were  indicated.  Fortunately,  the  data  were  such  that  a 
relatively  simple  machine  could  be  designed  to  accomplish  our  aim. 

In  essence,  the  machine  worked  as  follows:  The  pertinent  portion 
of  the  Sanborn  chart  was  placed  around  a  drum.  The  drum  rotated  slowly, 
moving  the  chart.  A  stylus  was  affixed  to  a  frame  in  front  of  the  drum  in 
such  a  manner  that  the  tip  of  the  stylus  rested  on  the  moving  chart .  An 
operator  could  move  the  stylus  to  follow  one  of  the  traces  on  the  chart 
(refractive  index,  temperature  or  liquid  water  content).  Stylus  motion 
rotated  a  variable  voltage  dividing  resistor.  By  suitable  circuitry,  re¬ 
sistance  changes  were  converted  into  voltage  changes  and  fed  into  a  record¬ 
ing  potentiometer  (a  rapid  response,  two  pen,  Brown  Instrument  Co.  type). 
The  trace  on  the  Sanborn  chart  was  reproduced  on  the  Brown  instrument;  to¬ 
tal  trace  length  remained  the  same  (drum  speed  and  Brown  chart  speed  were 
the  same,  but  the  trace  fluctuations  were  amplified.  With  the  desired  ab¬ 
solute  scale,  amplification  could  be  adjusted  so  that  the  reproduced  trace 
was  an  accurate  plot  of  the  measured  quantity. 

In  actuality,  there  were  two  styli.  Two  operators  were  used;  two 
traces  could  be  reproduced  at  one  time.  Traces  showing  the  horizontal  var¬ 
iation  through  clouds  of  the  three  measured  quantities  were  obtained  in 
this  manner .  Vertical  variations  were  excluded,  since  passes  were  flown  at 
constant  pressure  altitude . 

To  obtain  a  trace  of  absolute  refractive  index  an  assumption  was 
necessary.  Our  refractameter  measured  relative  changes  and  the  recorded 
trace  had  a  relative  scale.  In  order  to  assign  an  absolute  scale,  absolute 
refractive  index  values  must  be  known  at  one  or  more  points  on  the  recorded 
trace.  We  obtained  one  such  value  for  each  cloud  pass  by  assuming  that  the 
air  was  saturated  in  the  mid-portion  of  the  largest  region  of  homogeneous 
cloud. 


Three  parameters  were  derived  from  the  measured  quantities ,  They 
were:  l)  saturated  vapor  pressure,  2)  vapor  pressure,  and  3)  virtual  tem¬ 
perature.  It  was  possible  to  obtain  traces  of  each,  using  the  machine. 

A  trace  of  saturation  vapor  pressure  was  obtained  from  the  trace 
of  temperature.  The  relationship  between  change  in  saturation  vapor  pres¬ 
sure  and  change  in  temperature  is  given  by  the  Clausius-Clapeyron  equation, 


(5) 


where:  eg 

T 
L 


saturation  vapor  pressure 

absolute  temperature 
latent  heat  of  vaporization 
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v_  =  specific  volume  of  water  vapor 

© 

Vji  =  specific  volume  of  liquid  water 

Writing  a  corresponding  difference  equation,  we  can  neglect  v^ 
since  Vg  »  vf-  Thus: 


Aes  =  L 
4T  =  Tvg 


(6) 


In  our  application,  /T  is  the  horizontal  change  of  temperature;  A  es  is 
the  horizontal  change  of  saturation  vapor  pressure.  Since  both  L  and  vg 
vary  appreciably  with  the  atmospheric  variables,  AeJA  T  is  not  simply 
related  to  T.  However,  the  numerical  value  of  A*JA  T  does  not  change 
appreciably  with  small  changes  in  these  variables,  and  therefore  we  can 
evaluate  Eq.  (6)  for  the  average  conditions  which  prevailed  during  the 
aircraft  pass.  We  may  then  compute  values  of  A  es  from  A  T.  The  cir¬ 
cuitry  of  the  machine  was  such  that  variations  in  temperature  (i.e.,  the 
stylus  movements  that  occurred  when  the  temperature  trace  was  tracked)  were 
multiplied  by  the  factor  A es/A T.  A  trace  of  ee  was  drawn  on  the  Brown 
recorder  and  scaled  in  absolute  units.  ' 

A  trace  of  vapor  pressure  was  obtained  from  the  traces  of  refrac¬ 
tive  index  and  temperature .  The  relationship  between  vapor  pressure  (e), 
temperature  (T),  and  refractive  fndex  (N)  is  best  shown  bv  solving  the  re¬ 
fractive  index  equation  £ Eq.  (l)J  for  e.  (The  term  7^-^e  in  Eq.  (l)  was 
ignored.)  Thus,  7T 

e  =  2.705  x  10~6  T2  Na  -  2.01  x  10“^  TP  (7) 


Now  the  total  differential  of  e  is, 

de  =  dN.+il  dT  +  4®.  dP,  (8) 


and  since  e  is  not  a  function  of  P  and  since  in  our  passes  dP  "=  0,  this 
equation  reduces  to, 


4e  ■  It  a  "A  *  -If  «•  <9> 
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The  corresponding  difference  equation  is, 

Wit),  (io> 


From  Eq.  (7)  we  can  write. 


=  2.7  x  10"6  T2  (11) 

V  WA 


=  (5.4  T  NA  -  201  P)  x  10~6  (12) 


Over  the  range  of  NA  and  T  observed  during  aircraft  passes,  the 
above  approximations  hold  adequately  well.  (Errors  are  an  order  of  magni¬ 
tude  less  than  machine  reproduction  errors.)  Pressure  is,  of  course,  a 
constant  in  the  latter  equation. 

With  the  machine,  it  was  possible  to  "track”  simultaneously  the 
recorded  traces  of  NA  and  T.  The  changes  in  NA  (stylus  movements)  were 
multiplied  electronically  by  (4  e/ii  NA  )T  and  added  to  the  changes  in  T 
multiplied  by  ( &  e  \  .  Pen  motions  of  A  e  fa  solution  of  Eq.  (lO)Jre- 

V^T> A  L 

suited  on  the  Brown  recorder  and  a  trace  of  e  was  obtained  when  an  absolute 
scale  was  specified. 

A  trace  of  virtual  temperature  (Ty)  was  also  obtained  from  the 
traces  of  refractive  index  and  temperature.  In  a  manner  analogous  to  the 
way  we  handled  vapor  pressure  and  knowing  that 


TV~T  (1  +  .379  e/P),  (13) 

we  can  utilize  Eq.  (l)  to  write, 


T ~  T  +  1.024  x  10"6  T5  Na 

_ 


7.62  x  10" 5  T2 


(14) 
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The  total  differential  is 


d  T„ 


5?V 

5% 


d  T  +  P  Ty 
a  1  ST" 


d  P. 


(15) 


During  our  aircr;ft  passes  through  clouds,  d  P  =  0,  thus  Eq  (15)  reduces 
to, 


d  T„ 


3* 


5NA 


X  d  Na  + 


}Ty 


A  ~5"t~ 


d  T, 


(16) 


and  the  corresponding  difference  equation  is, 


-fsi),  (17> 


Prom  Eq.  (l4)  we  can  write 


[Ty  \ 
Na  jr 


DTy 

;>na 


1  024  x  10~6 


( 


AT  /  na 


STy  „  3.07  X  10-'6  T2  Na 

7T  =1  + - p - 


1.524  x  lO'^T 


(18) 


(19) 


In  Eqs.  (l8)  and  (19),  P  is  a  constant  and  over  the  range  of  ob¬ 
served  Na  and  T  values  in  clouds  the  approximations  hold  with  no  serious 
loss  of  accuracy. 

By  simultaneously  "tracking”  the  recorded  traces  of  NA  and  T,  mul¬ 
tiplying  A  Na  and  A  T  changes  by  / A  Tv  \  an(j  /  A  Tv  \  respectively, 

(Zna/t  [a?  /  na 

and  adding,  we  were  able  to  use  the  machine  to  solve  Eq.  (17)  for  A Ty.  A 
trace  of  Tv  was  obtained  on  the  Brown  recorder .  v 

In  all  those  diagrams  presented  herein  which  show  aircraft  passes 
through  clouds,  the  parameter  traces  were  obtained  in  the  above  manner. 
Table  1  provides  information  shewing  the  estimated  accuracy  of  final  re  • 
suits.  In  general,  the  inaccuracies  due  to  the  reproduction  technique  are 
smaller  than  or  equal  to  the  errors  of  measurement  for  relative  changes  and 
relative  positions  along  the  trace.  Measurement  errors  are  appreciably 
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Table  1.  Table  of  Inaccuracies 
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greater  for  absolute  values.  Reproduction  inaccuracies  are  greater  for  in¬ 
dividual  points  on  the  trace,  due  to  slight  time  (space)  displacements  of 
the  measured  values  during  reproduction. 

5  4  Three  Dimensional  Distribution  of  Clouds  in  the  Atmosphere 

The  analysis  of  the  flights  of  30  June  and  19  July  is  sufficiently 
advanced  so  that  we  can  present  a  rather  detailed  picture  of  the  refractive 
index  conditions  in  and  near  clouds.  The  usefulness  of  this  information 
for  the  computation  of  radio-radar  propagation  effects  is  greatly  enhanced 
by  specifying  the  distribution  and  volume  extent  of  clouds  in  the  atmos¬ 
phere.  For  the  above  days  we  have  prepared  diagrams  showing  our  best  esti¬ 
mate  of  cloud  coverage  in  several  altitude  ranges.  We  have  also  drawn  a 
cloud  cross  section  for  the  vertical  plane  of  maximum  cloudiness.  The  dia¬ 
grams  are  left  in  general  form;  the  user  can  combine  them  with  our  cloud 
refractive  index  information  in  any  manner  pertinent  to  his  needs. 

6 .  Data 


Some  of  the  data  gathered  during  the  Summer  of  1955.  are  displayed  in 
the  back  of  this  report.  Two  flights  were  extensively  analyzed.  The  flight 
of  19  July,  a  case  of  relatively  simple  atmospheric  stratification,  is  pre 
sented  first.  That  of  30  June,  where  the  atmospheric  structure  is  compli¬ 
cated  by  a  sharp  inversion,  is  next.  Only  a  limited  number  of  passes  were 
made  through  clouds  on  the  other  days  analyzed.  A  comparison  of  the  ana¬ 
lyzed  pass  data  with  the  radiosonde  derived  data  will  illustrate  some  of 
the  points  of  difference  and  show  the  inherent  difficulty  of  comparing  cal¬ 
culated  and  measiired  refractive  index  changes. 

The  analyzed  data  for  each  day  are  arranged  in  a  specific  order  First 
the  general  atmospheric  structure  is  indicated  by  a  plot  of  the  data  from 
the  nearest  radiosonde  Calculated  refractive  index  profiles  and  differ¬ 
ences  come  next,  then  individual  cloud  passes,  vhich  show  typical  features 
of  the  measured  refractive  index  changes  as  well  as  the  variation  in  the 
associated  meteorological  parameters  Tor  the  two  extensively  analyzed 
days,  an  additional  series  of  scatter  diagrams  slows  the  altitude  variation 
of  the  detailed  refractive  index  changes  in  and  abound  clouds.  The  first 
of  these  scatter  diagrams  presents  the  principal  result  of  these  studies; 
i.e.,  the  comparison  between  the  calculated  refractive  index  changes  and 
those  observed.  Nine  bar  graphs  then  show  the  frequency  of  occurrence  of 
the  various  values  of  those  parameters  which  were  chosen  to  describe  the 
character  of  the  refractive  index  changes 

Ir.  order  to  calculate  the  cloud  refractive  index  from  radiosonde  data, 
an  assumption  was  made  that  the  temperature  in  cloud  was  equal  to  the  ambi¬ 
ent  temperature  level  for  level.  The  assumption  was  tested  by  plotting 
both  the  adjusted  cloud  temperatures  and  the  adjusted  ambient  temperatures 
versus  altitude.  (The  adjustment  allowed  for  the  general  atmospheric  tem¬ 
perature  changes  during  time  of  flight.)  The  temperature  profiles  were 
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also  of  obvious  interest  in  the  study  of  the  mechanisms  of  cumulus  convec¬ 
tion. 

For  use  in  connection  with  specific  problems  of  radio  propagation 
through  cumulus  cloud  systems,  several  charts  were  plotted  to  show  the  av¬ 
erage  conditions  prevailing  during  the  extensively  analyzed  days  of  19  July 
and  50  June. 

6.1  Data  for  19  July  1955 

Considerable  data  were  obtained  northeast  of  Tucson,  Arizona  on 
19  July,  during  that  region's  wet  monsoon  period.  The  plot  of  radiosonde 
data  on  the  pseudoadiabatic  diagram,  Fig.  4,  is  according  to  standard  prac¬ 
tice;  i.e.,  T<i  =  dew  point  temperature,  T  =  temperature,  q^  =  specific  hu¬ 
midity*^  mixing  ratio  in  g/kg  at  cloud  base.  The  iso-value  of  q^  at  the 
cloud  base  is  carried  downward  to  indicate  the  approximate  source  level  of 
bubbles,  assuming  no  mixing.  Cloud  base  and  tops  are  indicated  by  the 
cloud  sketch.  This  diagram  indicates  that  the  temperature  structure  was 
quite  unstable,  with  a  minor  inversion  at  17,000'.  (Aircraft  measurements 
do  not  show  this  inversion.)  Most  of  the  clouds  were  topped  at  18,000'; 
however,  a  few  went  to  great  heights,  50-40,000 1 .  The  radiosonde  data  show 
that  the  instrument  rose  through  a  less  cloudy  region  than  that  of  the  air¬ 
craft  data.  The  dew  points  computed  from  the  refractometer  records  scatter 
around  the  radiosonde  daw  point  curve  and  the  scattering  is  greater  at  the 
lower  elevations  because  of  the  presence  of  moist  remains  of  previous 
clouds  or  downdrafts  of  dry  air  caused  by  return  circulations  from  nearby 
clouds.  Note  that  the  specific  humidity  at  cloud  base  (qb)  is  that  which 
is  characteristic  of  the  layer  from  5,000'  to  10,000'  and  that  this  is  es¬ 
sentially  the  surface  layer,  since  the  terrain  of  this  region  ranges  5,000' 
to  8,000’. 

The  N  profiles  and  differences  computed  from  the  radiosonde  data 
are  shown  in  Fig.  5-  Na  is  computed  from  T  and  (radiosonde  values).  Ns 
is  computed,  assuming  the  air  to  be  saturated  at  temperature  T.  Nb  is  com¬ 
puted,  assuming  the  air  contains  the  moisture  content  given  by  q^.  Fig.  4. 
The  cloud  region  is  indicated  by  the  cross  hatching:  therefore,  Ns  has 
meaning  only  in  the  cross  hatched  region.  Note  that  the  peak  of  the  N 
graph  at  18,000'  is  due  to  the  decrease  in  dew  point  temperature  which 
exists  in  the  radiosonde  record  at  ^his  height.  This  structure  is  not 
shown  by  the  dew  poiuts  computed  from  the  aircraft  data. 

Figure  6  is  a  black  and  wnite  reproduction  of  a  kodachrome  photo¬ 
graph  which  shows  a  cloud  typical  of  those  encountered  on  this  day.  The 
aircraft  intercepted  this  cloud  at  the  base  of  what  is  apparently  the  head 
portion  of  a  cloud  bubble.  Note  the  partially  detached  (probably  evaporat¬ 
ing)  cloud  fragments  at  flight  level.  The  cloud  coverage  was  not  as  gener¬ 
al  as  might  be  suggested  by  this  particular  photo. 

• 

Figure  7  is  a  machine  plot  (obtained  using  methods  described  in 


Section  5-3)  of  the  refractive  index,  temperature  and  liquid  water  traces, 
as  well  as  the  derived  virtual  temperature  and  vapor  pressure  traces.  The 
solid  bars  show  those  periods  when  the  aircraft  was  inside  visual  clouds 
(as  noted  by  the  observer).  The  arrows  at  the  edges  of  the  cloud  (upper 
trace)  show  the  distance  selected  from  the  traces  as  being  the  transition 
zone  (x^).  The  long  arrow  shows  the  interior  region  of  cloud  (Cp)  as  de¬ 
duced  from  the  records.  This  is  the  reduced  data  for  the  pass  through  the 
cloud  of  Fig.  6  jusc  subsequent  to  the  taking  of  the  photograph.  It  is  a 
particularly  symmetrical  record.  Note  the  marked  cold  edge  of  the  cloud 
and  its  warm  center.  In  spite  of  the  high  water  content,  the  cloud  is 
buoyant  in  its  center  portion,  but  "heavy"  at  the  edge  The  edge  or  outer 
skin  is  probably  moving  downward.  Liquid  water  is  present,  but  must  be 
rapidly  evaporating,  thereby  cooling  and  moistening  the  air  This  pass  is 
quite  typical  of  most  on  this  day. 

Figure  8  is  a  photograph  of  another  cloud  whl ch  was  also  probed . 
This  cloud  is  apparently  not  as  vigorous  as  the  previous  one;  it  may  be  in 
a  late  stage  of  its  life  cycle.  The  area  cloud  coverage  which  existed  over 
this  particular  region  can  be  noted  by  looking  at  the  right  side  of  the 
photograph.  It  is  representative  of  the  average  coverage  for  the  day.  The 
high  cloud  sheet  present  on  the  left  is  the  product  of  anvil  clouds  from 
the  few  thunderstorms  which  developed;  and  is  at  a  great  distance  from  the 
plane  compared  with  the  other  visible  clouds. 

Figure  9  shows  the  data  gathered  on  passing  through  the  cloud  of 
Fig.  8.  Again  a  symmetrical  pattern  appears  The  dips  in  the  refractive 
index  and  vapor  pressure  curves  that  appear  about  one  third  of  the  way  in 
from  the  cloud  edges  are  a  frequent  characteristic  of  the  cloud  passes; 
they  apparently  mark  the  inner  boundary  of  the  outer  large  cells  or  older 
bubbles.  The  temperature  and  virtual  temperatures  in  this  cloud  are  every¬ 
where  lower  than  the  ambient  temperature,  indicating  tnat  the  cloud  has 
lost  its  buoyancy  in  the  place  probed  and  that  it  is  descending  or  will  de¬ 
scend  to  dissipate.  However,  in  the  central  portion  there  still  exists  a 
rather  uniform  region  of  relatively  higher  cloud  temperature.  The  refrac¬ 
tive  index  and  humidity  values  next  to  the  cloud  are  lower  than  the  average 
ambient  values;  at  this  altitude  this  condition  is  probably  caused  by  a 
narrow  band  of  downward  flowing  dry  air  (see  Fig.  2b). 

Figure  10  is  a  photograph  of  cumulus  congestus  clouds  taken  from 
an  altitude  near  the  average  top  altitude.  The  aircraft  entry  point, 
marked  with  an  X,  is  quite  near  the  cloud  top.  The  top  presents  a  vigorous 
appearance,  characteristic  of  a  newly  rising  turret  or  bubble.. 

The  recorded  and  computed  values  shown  in  Fig .  11  indicate  that 
much  of  the  mid-portion  of  the  top  volume  of  this  cloud  has  come  from  the 
cloud  interior  which  would  be  unmixed  and  fairly  buoyant.  The  narrow  tran¬ 
sition  zone  encountered  on  entering  this  cloud  is  presumably  due  to  the 
vigorous  and  actively  rising  nature  of  the  turret  The  variable  tempera 
ture  record  indicates  that  violent,  mixing  and  evaporational  cooling  occurred 
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along  the  outer  edge  of  the  top  portion  of  the  cloud  as  well  as  on  the 
flanks  (also  indicated  in  the  previous  two  cases).  In  the  later  portion 
of  the  pass  three  other  bubbles  or  turret  tops  were  encountered,  all  part 
of  the  same  general  cloud  mass.  The  last  two  were  apparently  older  tur¬ 
rets,  since  the  internal  temperatures  were  predominantly  cooler  than  am¬ 
bient  . 


The  characteristics  of  the  refractive  index  traces  for  seme 
thirty-two  passes  made  on  the  19th  of  July  through  clouds  similar  to  the 
three  discussed  above  are  summarized  in  the  following  nine  scatter  dia¬ 
grams. 


Figure  12  compares  the  computed  and  observed  N  differences  from 
inside  to  outside  of  cloud.  The  N  value  on  exit  from  cloud  represents  the 
average  ambient  value  some  distance  from  the  cloud.  The  scatter  of  the  ob¬ 
served  differences  centers  almost  perfectly  around  the  computed  values,  ex¬ 
cept  for  that  portion  between  l6  and  18  thousand  feet  where  the  radiosonde 
indicates  a  dry  layer  over  Tucson.  Aircraft  data  show  that  this  layer  did 
not  exist  over  the  more  cloudy  mountain  region.  Note  the  marked  increases 
of  scatter  in  the  lower  portions  of  the  cloud,  an  indication  that  the 
clouds  affect  the  environment  at  the  lower  levels  to  a  greater  extent  than 
the  upper  levels. 

Figure  13  is  similar  to  Fig.  12;  it  shows  the  altitude  variation 
of  refractive  index  change  at  the  cloud  edge.  The  slightly  greater  scatter 
at  upper  levels  here,  as  compared  to  Fig.  12,  is  due  to  the  moistening  ef¬ 
fect  of  the  cloud  on  tne  dry  air  immediately  surrounding  it. 

The  A  N  values  plotted  on  Fig.  13  were  converted  to  equivalent  hu¬ 
midity  changes  and  replotted  in  Fig.  14.  For  comparison,  the  radiosonde 
data  are  given  in  terms  of  100  per  cent  minus  the  recorded  humidity.  Such 
presentation,  in  units  more  familiar  to  the  meteorologist,  again  points  to 
the  large  variability  of  humidity  outside  clouds.  Minimum  variability  oc¬ 
curs  in  the  upper  cloud  regions  where  the  horizontal  area  of  the  cloud  is 
smallest  and  where  the  volume  of  affected  surrounding  air  is  least.  The 
radiosonde  humidity  values  strike  a  fair  average  through  the  scatter,  pri¬ 
marily  because  of  the  slow  response  time  of  the  humidity  element.  (This  is 
fortunate;  it  means  that  N^  values  computed  from  radiosonde  data  do  truly 
represent  the  average . ) 

A  rough  idea  of  the  interior  dimension  (Cp)  of  the  clouds  pene  • 
trated  is  given  in  Fig.  15-  Values  of  Cp  (also  referred  to  as  horizontal 
clouc1  distance)  are  plotted  for  the  abscissa  scale.  The  two  points  in  the 
upper  right  hand  corner  are  not  representative  of  the  same  type  of  cloud  as 
the  other  points;  they  represent  passes  through  an  incipient  thundershower 
and  associated  anvil  cloud. 

Figure  16  shows  the  thickness  of  the  transition  zone  as  it  varies 
with  altitude.  Xj  is  small  (<200’)  above  17,000',  becoming  progressively 
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larger  with  decreasing  altitude.  The  single  very  large  value  at  18,400'  is 
a  long  transition  zone  and  is  a  special  case.  This  observation  occurred 
under  a  spreading  anvil  cloud  from  which  snow  and  soft  hail  were  falling, 
the  same  thundercloud  mentioned  above.  Points  plotted  for  this  cloud  in 
the  subsequent  Figs.  17,  18,  and  23  are  also  highly  anomalous. 

Figure  17  is  a  scatter  diagram  showing  the  thickness  of  the  maxi¬ 
mum  gradient  observed  in  each  transition  zone  as  a  function  of  flight  alti- 
tude.  Greater  thicknesses  (more  gradual  gradients)  exist  at  the  lower  al¬ 
titudes.  This  fact  reflects  the  greater  frequency  of  occurrence  of  less 
vigorous  clouds  or  portions  of  clouds  in  the  lower  levels;  slower  circula¬ 
tion  allows  more  time  for  diffusion  and  mixing  processes  to  smooth  out  tem¬ 
perature  and  humidity  contrasts. 

The  average  wavelength  of  the  refractive  index  oscillations  at  the 
edge  of  clouds  is  illustrated  in  Fig.  18.  Excluding  those  cases  where  there 
were  no  oscillations;  i.e.,  ^/osc  =  <=0  ;  the  diagram  indicates  a  typical 
wavelength  of  200'  at  the  cloud  base,  decreasing  to  100'  near  the  top. 

Fffeure  19  shows  the  maximum  change  in  refractive  index  within  the 
main  cloud  mass;  it  is  a  measure  of  the  homogeneity  of  the  cloud..  The 
graph  shows  that  at  all  altitudes  there  are  small  breaks  within  the  cloud 
mass  which  have  N  values  very  close  to  ambient.- 

It  is  of  interest  to  know  whether  or  not  the  cloud  affects  the  re¬ 
fractive  index  of  the  air  immediately  around  it .  Figure  20  indicates  that 
on  this  day  of  19  July  there  was,  on  the  whole,  little  effect.  By  contrast, 
Fig.  46  shows  a  situation  where  there  was  a  considerable  effect. 

A  summary  of  the  data  for  19  July  is  presented  in  Figs.  21  and  22 
in  the  form  of  frequency  bar  graphs.  The  data  shewn  in  Fig.  20  have  been 
converted  to  meteorological  units  of  relative  humidity  and  summarized  on 
the  extreme  right  in  Fig.  21.  Otherwise,  the  graphs  are  self-explanatory 

The  general  technique  used  to  construct  Fig-  23  has  been  explained 
in  Section  6 .  Here  the  temperatures  from  the  vortex  thermometer  have  been 
corrected  for  scale  error  (in  the  individual  pass  data  discussed  previously 
this  was  not  necessary) .  The  dew  point  curve  is  derived  by  drawing  a  smooth 
line  through  the  calculated  dew  points  plotted  on  Fig.  4.  The  thundercloud 
symbols  at  the  top  of  the  figure  indicate  data  from  a  pass  through  a  thun 
der storm,  (jlhe  extremely  high  temperature  recorded  in  the  middle  of  this 
cloud  indicates  that  the  original  source  of  air  for  this  storm  must  have 
been  exceptionally  warm  and  moist  (resulting  in  a  singularly  low  cloud  base) 
and  r.o  mixing  of  environment  air  could  have  taken  place  in  that  volume  of 
air  represented  by  the  right  hand  dot ,J  The  cloud  air  temperatures  shown 
in  Fig.  23  very  neatly  bracket  the  ambient  air  temperatures  such  that  if 
one  temperature  must  be  picked  as  a  representative  cloud  temperature,  the 
ambient  temperature  would  be  a  close  approximation  of  the  best  average- 
The  extension  of  the  maximum  and  minimum  "cloud"  temperature  below  the 
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average  cloud  base  represents  data  from  a  fev  passes  just  below  the  base, 
plus  a  few  earlier  passes  through  the  clouds  having  lower  bases.  It  is 
puzzling  that  the  maximum  temperature  in  the  base  region  is  about  the  same 
as  ambient;  this  fact  would  indicate  that  the  air  had  no  buoyancy  and, 
therefore,  no  acceleration  into  the  cloud  at  this  point.  This  lack  of  warm 
temperature  at  the  cloud  base  may,  however,  just  reflect  a  bias  in  the  data; 
i.e.,  no  very  young  clouds  were  penetrated  at  cloud  base  altitude;  the  clouds 
investigated  were  all  well  developed  and  were  penetrated  farther  up.  Prob¬ 
ably  the  air  feeding  into  the  base  at  the  time  of  the  cloud  pass  was  no 
longer  part  of  the  same  bubble  or  bubbles  which  initially  originated  the 
cloud.  This  observation  supports  the  thesis  mentioned  in  Section  2.3  that 
once  a  cloud  is  well  formed  new  bubbles  originate  within  the  cloud.  Be¬ 
cause  of  the  increased  cloudiness  and  because  a  steadier  circulation  may  be 
set  up  below  the  cloud,  subcloud  bubble  activity  diminishes.  If  borne  out 
by  further  observation,  this  would  mean  that  the  refractive  index  variations 
below  the  cloud  base  are  partially  a  function  of  the  size,  age,  and  coverage 
of  the  clouds  above. 

An  average  line  was  visually  drawn  on  the  scatter  diagrams  in 
Figs.  12,  13,  and  15  through  20.  "Average"  values  were  selected  from  these 
curves  and  are  shown  in  Table  2  in  conjunction  with  certain  additional  data. 
The  values  were  used  as  a  basis  for  drawing  Fig.  24.  Note  that  the  hori  • 
zontal  and  vertical  scales  in  this  figure  are  the  same.  Visual  review  of  a 
number  of  cloud  photographs  and  individual  cloud  pass  refractive  index  meas¬ 
urements  helped  in  the  final  sketching  of  this  composite  picture.  Because 
we  haven't  yet  separated  the  aircraft  cloud  passes  on  a  basis  of  relation¬ 
ship  between  aircraft  heading  and  wind  shear  (i.e.  our  flight  direction 
relative  to  the  lean  of  the  cloud),  the  cloud  shape  has  been  sketched  sym¬ 
metrically  about  the  central  vertical  axis.  Presumably,  Fig.  24  represents 
a  cross  section  perpendicular  to  the  wind  shear.  Air  motions  and  cloud 
edge  shape  were  sketched  in  such  a  way  as  to  partially  explain  the  "aver¬ 
age"  refractive  index  trace.  A  rounded  cloud  edge  suggests  a  cloud  which 
is  actively  growing  into  dry  air,  and  displacing  and  mixing  with  this  dry 
air.  The  sharp  angular  edges  indicate  either  dissipating  cloud  or  cloud 
which  is  recondensing  within  air  having  a  former,  partially  mixed,  origin. 

The  principal  points  of  interest  illustrated  by  the  "average"  re¬ 
fractive  index  change  traces  in  Fig.  24  are:  the  equal  gross  change  at  all 
altitudes;  the  shift  from  relatively  small  gradients  of  refractive  index  in 
the  lower  levels  to  sharp  gradients  higher  up;  the  uniformity  of  refractive 
index  inside  the  bubble  elements  and  above  the  lowest  portion  of  the  cloud, 
ar.d  the  change  with  altitude  of  refractive  index  fluctuations  outside  the 
clouu. 


Figure  25  shows  our  best  estimate  of  the  three  dimensional  distri¬ 
bution  of  clouds  in  the  flight  area.  These  two  sketches  were  constructed 
from  fifty-eight  aircraft  cloud  photographs  plus  ground  observations.  In 
various  instances  we  also  measured  the  flight  distance  between  clouds. 

This  is  an  average  picture,  timewise,  through  the  day.  The  clouds  had 
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bases  near  11,000'  in  the  morning  and  were  fairly  uniformly  distributed. 
During  the  afternoon  they  thickened  over  the  mountains,  spreading  out  in 
places  (the  l6,000‘  level)  into  an  almost  solid  deck.  The  anvil  cloud 
shown  at  high  levels  was  only  present  for  an  hour  or  so.  It  is  somewhat 
overemphasized  in  this  average  picture. 

Cloud  coverage  patterns  are  very  complex  and  Fig.  25  points  this 
out.  Clouds  are  not  usually  randomly  distributed;  they  tend  to  bunch  into 
families,  wind  rows,  or  streets .  Clouds  also  tend  to  be  thicker  and  more 
abundant  over  higher  terrain.  This  is  clearly  shown. 


Table  2.  Average  values  of  cloud  parameters  from 
scatter  diagrams.  For  19  July  1955 


Pressure  Altitude  -  Thousands  of  Feet 


15 

Ik 

15 

l6i 

4 

CD  (ft) 

5000 

5200 

4000 

7200 

1500 

(ft) 

1100 

500 

400 

500 

80 

Nc  -  Na  (N) 

12 

10 

9 

10 

11 

An  (n) 

11 

10 

9 

11 

8 

Nx  -  N2  (N) 

+2 

+1 

0 

-1 

0 

Anc  w 

6 

6 

6 

7 

7 

xmin  (ft) 

110 

90 

70 

44 

29 

Osc  (#) 

5 

2-._ 

2-5 

2-5 

1 

-C 

«x^a 

4 

5  1/2 

5 

2 

1 

6.2  Data  for  50  June  1955 

On  50  June,  one  of  the  warmest  days  of  the  month,  an  extensive 
cloud  flight  was  made  some  50-50  miles  northwest  of  Boston.  The  air  on 
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this  day  was  dry  and  subsiding  in  mid-tropospheric  levels,  and  was  sepa¬ 
rated  from  a  moist  underlying  stratum  by  a  sharp  inversion.  Above  the  dry 
air,  moisture  was  being  advected  in  from  the  weBt.  This  was  indicated  by 
increasingly  high  clouds  above  the  lower  cumulua  clouds.  Some  of  these 
features  are  indicated  on  the  Port  Banks  sounding  (Fig.  26)  which  was  taken 
during  the  flight  period  (Fort  Banks  is  on  the  eastern  edge  of  Boston). 

The  cloud  cover  was  scattered,  and  clouds  generally  existed  in  large,  widely 
spaced  groups  (see  Fig.  51 ) •  Aircraft  temperature  and  dew  points  (computed 
from  refractive  index  data  taken  in  clear  air)  are  shown.  The  great  scat¬ 
tering  of  dew  points  indicates  the  existence  of  a  sharper  and  more  variable 
inversion  than  that  shown  by  the  radiosonde  data. 

Figure  27  shows  the  refractive  index  profiles  and  difference  pro¬ 
files  as  calculated  from  the  data  shown  in  Fig.  26.  The  symbols  used  were 
previously  explained  in  our  reference  to  Fig.  5- 

The  radiosonde  data  (Fig.  28)  and  the  refractive  index  profiles 
(Fig.  29)  pertain  to  a  time  same  four  hours  previous  to  the  flight  period. 
The  missing  section  of  the  dew  point  curve  in  Fig.  28  signifies  that  the 
air  in  that  region  was  too  dry  to  give  instrumental  indication.  A  compar¬ 
ison  with  the  later  data  illustrates  the  rapid  changes  that  can  occur  in 
the  atmosphere,  particularly  in  respect  to  the  moisture  distribution.  The 
dry  air  layer  could  have  been  moistened  in  the  four  hours  either  by  convec  - 
tlon  from  below  through  the  inversion  or  by  the  advection  of  more  moist  air 
from  the  west.  Other  possible  examples  of  the  effect  of  the  cumulus  cloud 
convection  on  the  environment  will  be  shown  later. 

The  photograph  and  pass  data  in  Figs.  30-37  are  placed  in  order  of 
pass  altitude.  The  first  cloud  pass  was  made  at  the  level  of  the  top  of 
the  inversion.  Figure  30  is  a  photograph  of  the  cloud  probed.  Unfortu¬ 
nately,  it  is  of  poor  quality;  however,  it  does  show  that  the  top  edge  of 
the  cloud  is  sharp  and  that  the  lower  cloud  regions  are  made  up  of  ragged, 
broken-up  elements.  This  waB  a  typical  cloud  structure  on  this  day.  The 
parameter  traces  for  this  first  pass  are  shown  in  Fig.  31;  symbols  and 
scales  are  the  same  as  those  described  in  the  Fig.  7  discussion.  This 
cloud  pass  was  typical  of  those  taken  near  or  at  the  inversion  level.  The 
presence  of  downcurrents  just  outside  the  cloud  is  suggested  by  the  very 
low  relative  humidities  and  the  warm  sensible  and  virtual  temperatures 
which  occur  primarily  on  the  exit  side.  (The  cloud  after  penetrating  the 
inversion  apparently  forms  a  block  in  the  more  rapidly  moving  airstream 
above  the  inversion.  Air  is  forced  to  move  around  the  block  and  some  of 
it  is  forced  downward.  Presumably,  in  this  Fig.  31  case  the  air  forced 
down  is  air  from  above  the  inversion.)  These  presumed  downcurrents  Increase 
the  change  ir  refractive  index  between  inside  and  outside  the  cloud  by  al¬ 
most  a  factor  of  3  over  what  might  otherwise  be  expected.  Note  that  this 
cloud  is  a  "cold"  cloud;  i.e.,  its  temperature  is  predominantly  colder  than 
ambient.  This  is  typical  of  clouds  penetrating  a  substantial  inversion. 

Its  virtual  temperature  is  .also  colder  than  ambient,  indicating  that  the 
cloud  air  is  more  dense  (heavier)  than  the  environmental  air.  The  liquid 
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water  content  of  the  cloud  is  shown  in  the  bottom  trace.  During  this  par-' 
ticular  data  period  the  Australian  instrument  had  a  large  response  time; 
therefore,  detailed  fluctuations  are  not  resolved  inside  this  cloud.  The 
water  content  indicated  is  about  one-tenth  of  that  to  be  expected  from  un  • 
mixed  lifting  of  a  bubble  from  the  condensation  level  upward  (i.e.,  bubble 
temperature  decreasing  with  altitude  at  the  moist  adiabatic  lapse  rate). 
This  discrepancy  indicates  that  considerable  mixing  occurs  between  bubble 
air  and  the  ambient  air  at  cloud  level  whenever  the  cloud  is  in  a  late 
stage  of  its  history  and/or  is  rapidly  falling  and  evaporating  This  lat¬ 
ter  condition  is  not  well  verified  by  the  appearance  of  the  cloud  in  Fig. 
50;  there  the  cloud  still  shows  a  sharp  outline. 

The  second  analyzed  cloud  pass  of  50  June  was  quite  similar  to  the 
one  just  discussed.  The  photograph,  Fig,  52,  shows  external  cloud  charac¬ 
teristics  much  more  clearly  than  Fig.  50.  (The  difference  is  probably  due 
to  more  appropriate  camera  settings  and  not  to  differences  in  the  amount  of 
atmospheric  haze.  A  distinct  haze  layer  was,  however,  present  on  this  day 
from  the  surface  to  9,000 ' . )  Note  the  very  ragged  base  of  the  cloud  in 
Fig.  52,  indicating  much  mixing  of  wake  air  with  ambient  air. 

The  aircraft  data  for  the  pass  through  this  cloud  (Fig.  55)  is 
similar  to  the  pass  shown  in  Fig.  51;  however,  at  this  slightly  lower  alti¬ 
tude  the  air  far  removed  from  the  cloud  is  typical  of  the  air  below  the  in  • 
version.  The  marked  refractive  index  gradient  at  6,100'  is  the  maximum 
gradient  that  we  have  found  for  clear  air  conditions.  The  low  water  con¬ 
tent  again  points  to  considerable  mixing  of  the  whole  cloud  mass  with  the 
ambient  air. 

The  pass  data  shown  in  Fig.  54  was  taken  at  an  altitude  200'  below 
that  of  the  previous  passes.  It  again  shows  the  effect  of  cloud  circula¬ 
tion  on  the  environment.  This  cloud  appears  to  be  in  a  rapidly  dissipating 
stage;  very  little  solid  cloud  remains.  The  record  also  illustrates  some 
of  the  difficulties  in  assigning  values  to  the  parameters  which  were  chosen 
to  describe  the  character  of  the  refractive  index  trace.  The  double  ended 
arrows  should  have  been  shown  as  a  single  arrow  extending  the  complete  dis¬ 
tance  between  transition  zones.  It  was  our  policy  in  defining  cloud  that 
if  the  break  in  the  cloud  was  smaller  than  the  adjacent  cloud  elements  it 
was  still  considered  a  part  of  the  main  cloud  mass;  i.e.,  Cp  should  be  con¬ 
tinuous  through  a  small  break,  here  in  Fig.  54  the  arrows  are  incorrect. 

It  is  interesting  to  note  that  the  humidities  in  the  internal  cloud  breaks 
(even  some  of  the  small  ones)  often  reach  values  which  are  characteristic 
of  the  air  above  the  inversion  rather  than  of  the  ambient  air  at  the  par  ■ 
ticular  level,  suggesting  that  the  trapping  of  this  air  is  also  accompanied 
by  downward  motion. 

Figure  55  shows  the  latter  part  of  a  record  through  a  group  of 
clouds.  The  dry,  warm  air  which  has,  apparently,  descended  from  above  the 
inversion  is  evident  at  the  aircraft  exit  point.  The  water  content  reading 
is  about  one  half  theoretical,  as  might  be  expected  in  a  larger  group  of 
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clouds  where  mixing  with  the  surrounding  air  is  not  as  desiccating  as  in 
the  case  of  a  single  bubble  or  cloud.  Several  visual  cloudlets  (traces  for 
which  are  shown  on  the  left  hand  side  of  the  figure)  were  almost  completely 
evaporated.  The  virtual  temperature  trace  indicates  a  considerable  region 
of  buoyant  warm  air.  This  trace  is  the  first  of  those  presented  which 
shows  this  effect. 

Figure  36  presents  traces  through  a  small  and  apparently  young 
cloud.  This  pass  is  one  of  the  few  analyzed  for  this  day  where  really 
buoyant  cloud  elements  were  indicated.  The  dry  region  next  to  the  cloud  on 
the  entrance  side  is  less  well  marked  than  in  previous  cases,  and  is  not 
indicated  at  all  on  the  exit  side.  This  pass  was  made  at  a  level  below  the 
inversion  where  the  less  buoyant  portions  of  the  cloud  spread  out  laterally. 
The  3000'  zone  of  relatively  moist  air  on  the  exit  side  is  presumable  evi¬ 
dence  of  this  type  of  flow. 

Figure  37  shows  the  trace  from  a  moderately  large,  moist  cloud 
which  had  a  broad,  buoyant,  center  portion.  Some  of  the  dry  air  above  the 
inversion  is  evident  on  the  exit.  The  small  cloud  on  the  left  hand  side  of 
the  diagram  shows  an  interesting  warm-dry  spot  about  three-  quarters  of  the 
way  through  the  cloud  { i . e . ,  the  cloud  as  defined  by  the  refractive  index 
record) .  Note  also  that  at  this  level  and  location  in  the  atmosphere  the 
ambient  air  is  very  moist. 

Nine  scatter  diagrams  are  presented  in  Figs,  38-^6.  They  show  the 
same  type  of  data  for  our  flight  of  30  June  as  was  presented  in  Figs.  12-20 
for  the  flight  of  19  July;  i.e.,  they  show  the  altitude  distribution  of  the 
chosen  refractive  index  parameters. 

In  Fig.  38  the  measured  refractive  index  change  (Nc-N  )  from  in¬ 
side  the  cloud  to  well  outside  the  cloud  is  compared  with  thatcomputed 
from  radiosonde  data.  Above  the  inversion  the  comparison  is  as  good  as  can 
be  expected.  The  deviation  at  higher  levels  reflects  lowering  of  the  more 
moist  upper  air  to  the  west  and  northwest  of  Boston  (above  the  dry  strata). 
The  great  scatter  of  points  and  the  extremely  high  values  at  the  inversion 
level  are  presumably  due  to  both  the  fluctuating  movements  of  the  inversion 
and  to  the  downdraft  around  the  cloud.  The  low  N  -NA  values  below  8,700' 
reflect  the  effect  of  cloud  activity  in  the  fligh?  areas  (moistening  the 
air  below  the  inversion)  in  contrast  to  the  clear  Fort  Banks  area.  The  two 
observations  indicated  at  5,800'  (,-iust  below  the  cloud  base)  were  obtained 
late  in  the  day  toward  the  end  of  convective  activity  when  all  cloud  forma¬ 
tions  were  spreading  out  and  disappearing.  The  spreading  action  would  dis¬ 
tribute  the  moist  cloud  air  over  larger  portions  of  the  atmosphere  below 
the  inversion,  thus  lowering  the  refractive  index  variations  in  this  layer. 
The  mixing  downward  of  air  had  diminished  late  in  the  day,  an  action  which 
would  also  lessen  the  refractive  index  contrast  between  air  and  cloud. 

The  refractive  index  change  across  the  transition  zone  is  shown  in 
Fig.  39-  This  scatter  diagram  is  similar  to  the  N^-NA  scatter  diagram  in 
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Fig.  38.  It  it.  presumed  that  dry  do wnour rents  around  the  clouds  explain 
the  greater  scatter  of  points  in  Fig.  39* 

Figure  1+0  is  a  replot  of  Fig.  39  >  translated  into  units  of  rela¬ 
tive  humidity  which  are  of  more  interest  to  the  meteorologist. 

The  dimensions  of  the  clouds  penetrated  are  indicated  in  Fig.  4l. 
The  distance  Cjj  is  plotted  here;  it  is  the  interior  cloud  distance  between 
transition  zones;  it  may  or  may  not  agree  with  the  visual  cloud  thickness 
(C).  In  spite  of  the  poor  sample  at  altitudes  other  than  8-10, 000',  alti¬ 
tude  variation  of  Cp  distances  agrees  fairly  well  with  the  generally  ob¬ 
served  cloud  shapes.  The  effect  of  the  inversion  in  forcing  many  of  the 
clouds  to  spread  out  between  8-9,000'  is  obvious. 

No  significant  trend  with  altitude  is  seen  in  the  next  scatter 
diagram,  Fig.  42,  which  shows  transition  zone  thickness  versus  altitude. 

In  Fig.  43  the  existence  of  several  weak  refractive  index  gradi¬ 
ents  at  altitudes  just  below  the  inversion  probably  represents  a  signifi¬ 
cant  trend.  This  region  is  one  where  same  of  the  clouds  are  spreading  out, 
evaporating  slowly  and  losing  their  buoyant  kinetic  energy. 

No  significant  altitude  variation  of  oscillation  wavelength  in  the 
transition  zone  is  evident  in  Fig.  44. 

As  would  be  expected,  the  altitude  variation  of  the  maximum  re¬ 
fractive  index  change  within  clouds  (ANC  >  which  is  shown  in  Fig.  45  is, 
in  general,  similar  to  that  of  NC-NA  or  Most  of  the  values  of  A  NCmax 

are  smaller  than  the  corresponding  values  of  ZN  at  the  cloud  edges  (Fig. 
39).  Note  the  one  spectacular  value  at  8,100'  where  A is  37N  units. 
This  is  about  three  times  the  values  of  ZN  at  the  same  altitude. 

Downcurrents  around  the  immediate  periphery  of  cumulus  most  prob¬ 
ably  account  for  the  very  considerable  negative  N-^-Ng  refractive  index  dif¬ 
ferences  shown  in  Fig.  46  Just  below,  in,  and  above  the  inversion.  The 
mechanism  of  downcurrent  formation  has  been  described  on  page  26. 

A  summary  of  the  preceding  data,  plus  some  additional  material,  is 
presented  in  Figs  47  and  48.  Of  particular  note  is  the  distribution  of 
pass  heights  which  shows:  l)  the  poor  sampling  obtained  outside  of  the 
8-10,000  foot  altitude  region  (the  bar  graphs,  therefore,  largely  apply  to 
these  levels);  2)  occurrence  of  a  few,  very  sharp  gradients  (4  per  cent  of 
the  casee  showed  maximum  transition  zone  thicknesses  of  less  than  5  feet; 
the  absolute  maximum  gradient  was  2N  units  per  foot);  and  3)  the  common  oc¬ 
currence  of  dry  air  surrounding  the  cloud. 

Figure  49  was  drawn  according  to  the  procedures  outlined  in  Sec¬ 
tion  6.  On  this  day  the  cloud  temperatures  again  straddle  the  ambient  tem¬ 
perature  in  the  lower  unstable  air.  Note  that  the  temperature  lapse  rate 
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in  the  ambient  air  below  the  inversion  follows  the  dry  adiabatic.  (No 
scale  correction  to  the  vortex  thermometer  temperature  was  necessary  on 
this  day.  Also,  there  were  insufficient  data  below  78OO’  to  extend  cloud 
temperatures  downward.)  This  30  June  case  differs  appreciably  from  the 
19  July  case  (Fig.  23).  On  19  July  the  lapse  rate  in  the  cloud  region  was 
close  to  moist  adiabatic . 

It  has  previously  been  supposed  that  the  temperatures  found  inside 
clouds  which  penetrate  substantial  inversions  are  given  by  the  extrapola¬ 
tion  of  the  in-cloud  temperature  lapse  for  the  region  below  the  inversion. 
The  remarkable  feature  of  this  30  June  data  is  the  sharp  increase  of  cloud 
temperatures  above  the  inversion.  Presumably,  this  means  that  the  cloud  as 
it  grows  upward  is  mixing  very  rapidly  with  the  air  immediately  surrounding 
it.  More  data  of  this  type  are  needed  before  a  correction  for  cold  cloud 
temperatures  above  an  inversion  can  be  applied  to  the  method  of  computing 
Nc-Na  from  radiosonde  data. 

In  Fig.  49  the  slope  of  the  dotted  curve  below  the  inversion  (the 
curve  of  maximum  dry  air  temperature  just  outside  cloud)  suggests  that  the 
source  of  the  warm  surrounding  air  is  from  the  inversion  region  and  not 
from  above.  However,  if  this  air  mixes  with  colder  air  as  it  descends,  its 
source  could  have  been  above  the  inversion.  Theoretical  calculations  could 
be  made  to  shed  some  light  on  this  problem.  Tentatively,  it  seems  that  the 
warm  air  outside  the  clouds  and  just  above  the  inversion  could  have  resulted 
if  air  from  some  higher  level  had  descended  only  some  400  feet. 

Figure  50  shows  an  "average"  cloud  and  "average"  refractive -index- 
change  traces  for  30  June.  The  same  procedures  were  used  for  making  this 
sketch  as  were  used  in  Fig.  24.  Some  thirty-five  cloud  photographs  were 
reviewed  before  the  cloud  shape  was  sketched.  The  cloud  top  on  this  sketch 
is  placed  well  above  the  average  tops  in  order  to  illustrate  the  type  of 
refractive  index  traces  obtained  at  the  highest  level  in  the  tallest  clouds. 
It  should  be  noted  that  the  "average"  traces  shown  in  Fig.  50  for  the  base 
and  top  cloud  region  are  based  on  very  meager  data,  (The  values  used  as  a 
guide  in  drawing  this  figure  are  given  in  Table  3-) 

The  principal  points  of  interest  in  Fig.  50,  contrasted  with  the 
similar  19  July  figure  (Fig.  24),  are;  l)  the  great  variation  with  alti¬ 
tude  of  the  gross  refractive  index  change;  2)  the  small  altitude  variation 
of  the  refractive  index  gradients;  3)  the  uniformity  of  refractive  index 
inside  the  bubble  elements  in  contrast  with  that  in  the  edge  and  top  re¬ 
gions  of  the  clouds;  4)  the  relatively  low  value  of  the  refractive  index 
of  that  air  adjacent  to  the  cloud  at  levels  above  8,000';  5)  the  fairly 

uniform  refractive  index  trace  well  away  from  the  cloud  at  all  levels  (the 
lower  levels  were  sampled  late  in  the  day;  records  taken  earlier  might  have 
shown  greater  changes). 

Our  best  estimate  of  the  geographic  and  vertical  distribution  of 
clouds  over  the  flight  area  is  shown  in  Fig.  51-  The  tendency  for  clouds 


to  bunch  and  form  in  lines  is  suggested  on  the  plan  view.  The  density  of 
haze  is  indicated  by  the  small  dots  on  the  cross  section.  This  figure  por¬ 
trays  the  maximum  state  of  cloud  development  on  30  June. 


Table  3-  Average  values  of  cloud  parameters  from 
scatter  diagram  for  30  June  1955 


Pressure  Altitude  ••  Thousands  of  Feet 

6 _ 7 _ 8 _ 8jS_ _ 9,2  10 _ 11 


CD  (ft) 

1250 

1250 

1500 

4500 

2600 

3500 

1500 

Xrj  (ft) 

40 

110 

220 

280 

280 

300 

600 

Nc  -  Na  (N) 

2.5 

5 

7-5 

10 

24 

27 

12 

rjN  (N) 

3-5 

5 

7 

11 

29 

31 

15 

%  -  n2  (n) 

c 

-1/2 

-1/2 

-2 

-5 

•*5 

+1 

(N) 

3 

2 

10 

10 

12 

16 

12 

Xmin  («) 

30 

35 

40 

35 

20 

14 

40 

Oec  (#) 

0 

0 

2 

3 

3 

4 

6 

Mx  ^Na 

1 

2 

2  1/2 

2  1/2 

2  1/2 

3 

1/2 

6.3  Data  for  22  June  1955 

On  22  June  many  cloud  passes  were  made  through  small  cumulus  clouds 
over  Pikes  Peak  and  adjacent  mountains. 

The  air  was,  in  general,  quite  dry,  as  indicated  in  Fig.  52,  but 
strong  heating  of  the  mountain  slopes  and  higher  terrain  produced  sufficient 
buoyant-convective-bubbles  in  the  5-8,000  fcot  layer  to  enable  them  to  reach 
the  condensation  level  at  15,000'  and  form  clouds.  These  clouds  formed  over 
and  near  the  mountain  peaks,  then  blew  off  and  evaporated.  The  radiosonde 
data  shown  here  may  not  be  quite  representative  of  the  mountainous  region, 
as  the  air  over  Lowry  (on  the  lee  slope)  is  descending  and  drying  after 
passage  over  the  Rockies.  The  predicted  values  of  over  20N  units  at 
16, 000'  (Fig.  53)  are,  therefore,  questionable. 
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Figure  54  is  a  photograph  of  one  of  the  clouds  penetrated.  Suc¬ 
cessive  clouds  (bubbles)  are  growing  upward  from  right  to  left.  The  en¬ 
trance  path  of  the  aircraft  into  the  bubble  series  is  marked  by  an  arrow 
and  an  X.  The  record  obtained  on  this  pass  is  shown  in  Fig.  55*  The  rec¬ 
ord  indicates  a  gradual  transition  on  entry,  a  sharp  boundary  on  exit. 

This  obvious  asymmetry  needs  to  be  studied  further  in  relation  to  the  wind 
shear  and  the  stage  of  the  cloud  history.  We  intend  to  do  this  as  soon  as 
possible.  Note  that  this  cloud  (as  well  as  the  others  that  we  penetrated 
on  this  day)  is  colder  than  the  undisturbed  air  at  seme  distance  from  the 
cloud.  The  change  of  7N  units  outside  to  inside  the  cloud  (typical  for 
this  day)  agrees  with  the  predicted  change  from  the  radiosonde  data. 

6.4  Data  for  51  July  1955 

The  next  set  of  data  (Figs.  56-59)  illustrates  a  case  where  the 
calculated  ZlN  values  did  not  agree  with  the  measured  values.  The  Yuma, 
Arizona  temperature-dew  point  soundings  are  shown  on  Fig.  56.  This  sound¬ 
ing  indicates  almost  saturated  air  at  all  levels  above  7,000'.  The  result¬ 
ing  DN  values.  Fig.  57,  are  quite  small.  Figure  58  is  a  photograph  taken 
shortly  before  entering  a  group  of  cumulus  congestus  clouds  near  Blythe, 
California  (north  of  Yuma).  Note  that  the  clouds  appear  in  concentrated 
bunches  with  broad  clear  areas  in  between.  Figure  59  shows  the  record  ob¬ 
tained  in  flying  through  the  clouds  pictured  in  Fig.  58.  AN  values  of 
about  20N  units  were  recorded,  as  compared  with  a  computed  value  of  2--4N 
units.  It  is  obvious  that  in  this  case  the  radiosonde  instrument  rose 
through  one  of  the  cloud  groups  and,  therefore,  gave  data  which  were  non- 
representative  of  the  region  as  a  whole.  A  method  for  estimating  the  rep¬ 
resentativeness  of  the  radiosonde  data  for  our  particular  use  needs  to  be 
developed.  A  careful  scrutiny  of  the  local  surface  cloud  observations  at 
time  of  balloon  release  would  probably  help. 

It  is  of  interest  to  note  the  temperature  of  the  clouds  in  Fig.  59* 
The  first  three  cloudlets  constitute  a  progression  from  a  young  warm  cloud 
to  a  cold  and  presumably  descerding  cloud.  These  may  be  small  clouds  that 
built  up  to  the  flight  path  after  the  cloud  picture  (Fig.  58)  was  taken. 
There  are  large  ten^erature  contrasts  in  the  other,  larger  clouds  which 
were  penetrated  later.  These  temperature  effects  have  quite  a  large  in¬ 
fluence  on  the  cloud-air  contrast. 

6.5  Data  for  24  June  1955 

On  a  flight  from  Denver  to  Boston,  a  belt  of  cumulus  cloud  activity 
wbb  penetrated  in  the  IllinoiB-Ohio  region.  Figures  60-65  pertain  to  the 
western  part  of  this  region.  The  nearest  radiosonde  data  were  from  Chanute 
Field  at  Rantoul,  Illinois.  This  sounding  is  plotted  in  Fig.  60.  Here  is 
an  example  where  a  modification  of  the  sounding  should  be  considered  before 
a  xdN  prediction  is  made.  The  layers  of  dry  air  which  appear  on  the  morning 
sounding  would  be  expected  to  disappear  with  the  diurnal  convection  cycle. 
The  sharp  *dN  values  up  to  35N  units,  indicated  in  Fig.  6l,  are  probably 
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not  realistic.  The  computed.  /]N  value  of  ION  units  at  flight  altitude 
should  be  compared  with  the  measured  value  of  6n  units.  If  the  narrow, 
dry  layers  were  not  considered,  the  agreement  would  be  better. 

Figure  62  is  a  photograph  of  a  typical  cloud  encountered  in  this 
region  during  flight.  The  traces  shown  in  Fig.  63  were  from  a  cloud  on  the 
far  side  of  tne  one  pictured.  A  sharp  entrance  into  the  cloud  is  indicated 
by  the  refractometer  trace.  The  thermometer  indicated  a  warm  region  imme¬ 
diately  on  entry  and  a  cold  region  in  the  interior  and  on  exit,  A  marked 
asymmetry  of  the  cloud  shapes  is  shown  by  the  cloud  photograph. 

The  end  of  the  cumulus  cloua  region  near  Toledo  consisted  of  a 
chaotic  mass  of  cumulus;  a  large  portion  of  the  atmosphere  from  7,000  to 
15,000'  was  cloudy.  The  radiosonde  data  shown  in  Fig.  64  indicate  an  al¬ 
most  saturated  atmosphere  between  7,000  and  13,000',,  The  high  moisture 
content  is  reflected  in  the  small  ZSN  values  shown  in  Fig.  65.  In  this 
case  the  low  values  can  be  trusted.  Data  from  several  ground  stations, 
other  than  that  at  the  radiosonde  site,  reported  broken  cloud  and  one 
thunderstorm  was  observed. 

Figure  66  is  a  photograph  taken  from  the  middle  of  this  chaotic 
cloud  region.  Low  cumuli  were  building  into  a  higher  neck  of  cumuli;  wind 
shear  was  spreading  out  the  less  active  and  older  cloud  bubbles.  An  exam¬ 
ple  of  the  flight  record  through  the  clouds  is  not  shown.  It  was  found 
after  examination  of  the  records  that  the  cloud  penetrations  could  hardly 
be  distinguished  from  the  clear  air  fluctuations.  The  cloud  to  clear  air 
values  were  only  a  few  N  units  and  they  were  in  agreement  with  the  cal¬ 
culated  values. 

7.  Summary 

The  material  presented  in  this  report  can  best  be  summarized  in  tabu¬ 
lar  and  di,->  -rammatic  form.  Table  4  summarizes  the  data  pertaining  to  gross 
refracti,'.  index  changes  between  cloud  and  air. 

One  can  see  from  Table  4  that,  on  the  whole,  there  is  reasonable  agree¬ 
ment  between  predicted  values  cf  and  the  calculated  values.  Meteoro¬ 
logical  reasons  for  the  few  deviations  from  agreement  have  been  suggested 
in  the  text. 

The  detailed  data  on  the  character  of  the  refractive  index  trace 
through  and  around  clouds  are  most  concisely  summarized  by  the  two  "average" 
cloud  sketches.  Figs.  24  and  50 

Estimates  of  the  spatial  distribution  of  clouds  in  the  area  of  the 
flight  are  summarized  in  Table  5- 
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8. 


Conclusions 


\ 


Analysis  and  study  of  the  limited  data  obtained  to  date  are  incomplete 
and  conclusions  are,  of  a  necessity,  tentative. 

The  fluctuations  of  refractive  index  in  and  around  clouds  are  qualita¬ 
tively  explainable,  using  existing  hypotheses  of  cloud  physics  and  dynamics. 
The  total  change  in  index  from  inside  to  outside  the  cloud  agrees  well  with 
theory j  the  index  values  and  gradients  found  within  the  transition  zone, 
within  the  cloud,  and  in  the  near  regions  surrounding  cloud  are  explained 
only  by  our  personal  combination  of  the  ideas  of  convection  that  appear 
most  appropriate. 

At  present,  a  good  theory  of  cumulus  convection  does  not  exist.  It  is 
hoped  that  further  work  on  present  and  future  data  will  help  establish  the 
governing  mechanisms  and  refine  our  explanation  of  the  causes  of  refractive 
index  fluctuations. 
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Table  5.  Table  of  estimated  cloud  coverage  and  dimensions 
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GRAPHICAL  PRESENTATION  OF  PARAMETERS  AND 
SYMBOLS  USED  FOR  CLOUD-PASS  DATA 
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